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Chapter I 
 
Spontaneous assembly of simple units into larger structures plays an important role in 
biology as well as in materials science. Biological cells are essentially self-assembled 
systems that are composed of many molecular and macromolecular building blocks, forming 
together a complex, functional structure. In technology, self-assembly as a strategy for the 
fabrication of (nano) materials is quickly developing. Applications range from artificial drug-
and gene delivery vehicles to micro electronics and photonics.  
In this thesis systems are studied that reversibly organize themselves (or aggregate) in 
domains of nanometers to micrometers in size. Reversible (or equilibrium) refers to the 
micro-phase separated state being thermodynamically stable. Well-known examples are 
micelles and microemulsions: equilibrium systems that phase-separate on nanometer length 
scales [1] [2]. It is generally believed that the thermodynamic stability of these systems 
requires the presence of surfactant molecules. However, in principle any species that 
combine polar and apolar moieties within a single molecule may reversibly organize itself 
into larger structures, as will be illustrated shortly. Moreover, it will be shown that systems 
exist that are not amphiphilic and yet reversibly micro-phase separate. Below, the systems 
studied in this thesis are listed. Two main questions are being addressed for these systems. 
The first is: is the micro-phase separated state a true equilibrium state, or does phase 
separation into two macroscopic phases lead to a lower free energy (being the case for most 
colloidal systems)? The second question is what the properties of the systems are in terms of 
size and structure of the aggregates as a function of variables such as ionic strength, pH, and 
temperature.    
 
 
 
Insoluble inorganic salts 
 
There are many isolated observations in the literature (see, e.g., [3]) that point to spontaneous 
formation of nanometer-sized objects in insoluble inorganic salts in the presence of adsorbing 
(at the insoluble salt-solvent interface) species such as potential determining ions. As argued 
in [4], these objects may indeed form and be thermodynamically stable, as adsorbing species 
reduce the (surface) work for creating clusters. These clusters are expected to form 
spontaneously once the surface work becomes on the order of the thermal energy. Figure1 
gives a pictorial description of the situation.  
 
 
 
    
     Water 
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       salt 
 
 Reduce   γ 
 
 
 
 
 
 
 
Figure 1. Schematic mechanism of reversible formation of solid nanoparticles based on 
microemulsion concepts. The quantity γ is the interfacial tension between insoluble salt and 
water. In case of microemulsions we have oil instead of insoluble salt, and γ is reduced by 
surfactant adsorption. At the insoluble salt-water interface, γ is reduced by adsorbing species 
that need not be surfactants. 
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In the next two chapters (2 and 3), the properties of (indeed!) spontaneously forming silver 
iodide clusters are studied systematically, without and with additives (besides excess iodide). 
These clusters exhibit quantum size effects from which the equilibrium size distributions (as 
a function of several additives) are deduced. The size distributions are compared to a simple 
thermodynamic model containing the ingredients illustrated in Figure1. 
 
 
 
 
Metal oxides under acidic conditions 
 
 
Under acidic conditions, metal oxides such as molybdenum, tungsten and aluminum oxide in 
aqueous environment may form clusters containing up to 36 monomers [5], see Figure 2 
(left). Mixtures containing, e.g., iron however form beautiful hollow rings and other intricate, 
highly symmetrical structures [6]. An example is shown in Figure 2 (right) below.  
 
 
 
                                                                                     
 
 
 
 
Figure 2. Left: Typical metal oxide cluster, in this case Mo36O108 [5]. The cluster mainly 
consists of octahedral shaped monomers in which the metal is located in the center of the 
octahedra. The vertices of the octahedra are oxygen atoms or (valence) electron pairs. Bonds 
between the monomers are localized at the vertices of the metal oxide monomers: shared 
vertices indicate bonds. Right: Cluster forming in a mixture of molybdenum and iron oxide 
[6]. 
 
 
 
In Chapter 4 it is shown that Molybdenum oxide clusters indeed are thermodynamically 
stable: smaller clusters spontaneously appear from larger ones depending upon the 
experimental conditions. It will also be shown –at least for the pure metal oxide species-  that 
an extension of classical micelle theory describes experiments on the clusters rather well 
(Chapter 4). This is particularly interesting in the light of the fact that metal oxide building 
blocks are not amphiphilic. 
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Complex and functional self-assembling structures 
 
 
Almost half a century ago it was discovered that after Tobacco Mosaic Virus (TMV) has 
been separated into its RNA and coat protein building blocks, it spontaneously reassembles 
in vitro when these components are added together again. The regenerated virus particles 
were moreover capable of infecting plant cells [7]. Depending upon ionic strength and proton 
concentration, not only virus particles form but also other structures, to be discussed shortly. 
TMV is a rod like particle about 18 nm in diameter and 300 nm in length. Figure 3 is a 
diagram, in the ionic strength – pH plane,  showing the ranges over which several 
aggregation states of the subunits are stable. Note that the boundaries are not true phase 
boundaries; they are drawn where larger species become detectable and do not imply that the 
smaller species disappear. The diagram contains both stable (i.e., reversibly formed species) 
and metastable species. Two-layered disks and the single helix (in the presence of RNA) 
form reversibly: they appear and disappear upon increasing and decreasing proton 
concentration, respectively. On the other hand, the ‘lock washer’ slowly grows further into 
single helices, and the ‘stacked disk’ structure represents an irreversible, half-proteolysed 
aggregate, see [8], [9], and references therein.    
 
  
 
Figure 3. Stability diagram of several TMV subunit aggregates. 4S and 20S refer to the 
sedimentation rate of the clusters. From [9]. The 20S disk is identified as a two-layer polar 
disk consisting of 34 subunits. The virus helix only forms in the presence of RNA; it consists 
of 2130 subunits and a total length of about 300 nm, see [8] and references therein. As 
explained in the text, boundaries are not true phase boundaries and not all species form 
reversibly. 
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In Chapter 5 the question is addressed why rodlike viruses, being linear complexes, are so 
monodisperse, as shown by experiments. It will first be argued that linear complexes 
(commonly referred to as “living polymers”) in general are expected to be very polydisperse. 
It will subsequently be shown, however, that the presence of a second component (in this 
case RNA) may lead to extremely monodisperse objects. Moreover, by assuming that coat 
protein subunits interact by an attractive (hydrophobic interactions) and a repulsive 
(screened-Coulomb) component, we show that small changes in pH and ionic strength may 
drive the system to and from its self-assembled (complete virus) and “uncoated” (isolated 
subunit monomers plus bare RNA) state, as indeed observed experimentally.      
It will also be shown in Chapter 5 that simple analogs of rodlike viruses, 
cyclodextrines forming “molecular necklaces” with certain polymers [10], can be described 
by analogous concepts. However, qualitatively different behavior (with respect to viruses) is 
predicted in terms of these systems being able to “switch” between self-assembled and fully 
uncoated states.  
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Thermodynamically stable clusters containing up to 10 or more silver iodide pairs have been 
observed in aqueous electrolyte solutions using ultra centrifugation and cryoelectron 
microscopy. These clusters are in equilibrium with an excess phase of solid AgI. We 
measured the size distribution of the clusters by their size-dependent shift of the exciton peak 
at visible wavelengths and show that their statistical weight is determined by their interfacial 
free energy. We argue that comparable equilibrium cluster distributions, but with varying 
widths, must be present in all insoluble salts in contact with electrolytes that contain 
adsorbing potential determining ions. 
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Chapter II 
 
Introduction 
 
 
It has been known for quite a while that the salt AgI is hardly soluble in water (solubility 
product Ksp=8.49×10-17 mole/L (25°C) [1]). However, when excess silver or iodide ions are 
added, the solubility increases dramatically, as was (probably) first studied by Hellwig as 
early as 1900 [2]. Iodide is more effective in solubilizing AgI than silver [3]. The increase in 
solubility is generally attributed to the formation of complexes. More than half a century later 
King and co-workers [4] concluded that in silver iodide solutions with excess iodide, several 
complexes must be present containing more than a single silver atom (dubbed “polymeric 
species” by the authors). This conclusion was based on measured deviations from the 
Lambert-Beer law, i.e., a nonlinear relation between optical absorption and silver 
concentration in the kind of systems described above. However, complexes containing more 
than a single silver atom in systems with excess iodide have only been observed in 
acetone/water mixtures [5] and in nonaqueous solvents such as DMF [6]. In the first case, X-
ray scattering in combination with ultra centrifugation measurements point to the complex 
ion Ag4I62-, and in the latter case, indications of the existence of complexes containing up to 
six silver atoms were found using potentiometric measurements. 
      Here we show that in aqueous solutions containing excess iodide, complexes even larger 
than those found in other solvents exist (up to the equivalent of 10 AgI pairs and more). The 
relative concentrations of these complexes decrease exponentially with their surface area, in 
agreement with a simple thermodynamic model. 
 
 
 
Experimental Section 
 
 
Materials. Samples were prepared using distilled water. All chemicals (pure grade) were 
used without further purification. 
 
Spectrophotometry. Optical absorption spectra were recorded using a Cary 1E UV-vis 
spectrophotometer. The temperature of the solution was maintained at 25±0.1 °C. Cells with 
a 1 cm path length were used.  
 
Mass Determinations. The buoyant masses of the complexes were determined in a Beckmann 
XL-I analytical ultracentrifuge. The ultracentrifuge contains a spectrophotometer, and the 
equilibrium optical absorption profile was measured at several wavelengths. It usually took 
between 7 and 10 days before equilibrium was established. 
 
Cry-electron Microscopy (Cryo-TEM). A thin film (50-200nm) was prepared in a Vitrobot 
[7] at 25°C and a relative humidity of >95%. This film was vitrified by shooting it into liquid 
ethane, transferred to a FEI Tecnai G2 F 30 Polara microscope, and observed at ∼ 13 K and 
200 kV. Micrographs were recorded under low-dose conditions. 
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Results and Discussion 
 
Optical absorption spectra of a system containing 2 M KI and several amounts of added 
silver ions are shown in Figure1a. It can be seen from this figure that when the amount of 
silver in the system is increased, a clear red shift occurs: absorption takes place at 
increasingly longer wavelengths. This red shift may occur due to several reasons. As 
mentioned in the Introduction, there is general agreement that in these kinds of solutions 
various equilibria exist, generally written as 
 
                            
                         F                                                   (1) −+ ++ ImnnAg )( −+m mnn IAg
 
where  and +Ag −I  are the silver and iodide ions, respectively, and   is a cluster 
containing  silver iodide pairs plus m  excess iodide atoms. When the (total) silver 
concentration is increased, the concentration of clusters obviously rises. It will rise 
linearly with the (total) silver concentration if only a single species is present, but it will 
change nonlinearly if other complexes appear. The first scenario leads to a constant 
absorption ratio between two solutions containing different amounts of silver (a 
manifestation of the Lambert-Beer law), while the second scenario will show up in an 
absorption ratio that is not constant. As can be seen in Figure 1a (inset), clearly, the second 
scenario applies: the observed red shift occurs due to the appearance of other clusters when 
the silver concentration increases.  
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Figure 1. (a) Optical absorption of solutions containing 2 M KI and 0.5 M AgClO4 ( ), 0.021 
M AgNO3 (S), 0.021 M AgClO4 (1), 3.33×10-3 M AgNO3 (), and 1×10-4 M AgNO3 (). 
These absorptions were measured relative to those of a system without silver. Sodium 
thiosulfate (8×10-4 M) was present in the systems to avoid formation of I3-[4]. The inset shows 
the ratio between absorption of 0.021M and 3.33×10-3M Ag in the system. (b) Like Figure1a, 
but now with a constant ratio of silver to iodide (1:4) and different (total) iodide 
concentrations of 2 ( ), 3 () and 5M (∇). In these systems, an excess phase of solid AgI is 
present. The absorption data were taken from the liquid phases of the systems after removing 
of the solid by centrifugation.   
 
The largest red shift occurs when an excess phase of solid silver iodide is present. It 
becomes even larger upon when the iodide concentration is increased, as shown in Figure 1b. 
We will now address the question of the sizes of the complexes in these systems. In 
nanosized semiconductor particles, the band gap energy of an electron-hole pair depends on 
the size of the particles (see, for example, ref [8]). In the strongly confined limit, where the 
Bohr radius is much larger than the particle size, the bulk exciton peak of a spherical particle 
of radius R  is centered at a wavelength λ, given by  
 
                        2
0
11
R
α
λλ +=                                 (2) 
where 0λ  is the wavelength where the bulk exciton peak is observed and the constant α  
depends on the Bohr radius and the high-frequency dielectric constant of the particles (see 
again ref [8]). In the case of very small particles, in particular when they approach a 
molecular size, equation 2 is expected to break down. It is important to emphasize here that 
effects that could complicate the calculations such as structural rearrangements as a function 
of size or Coulomb attraction were not considered. Only the confinement energy term ∂ R-2 
has been taken into account, neglecting that some theories predict exponent that are close to 
one. However, several observations of complexes of molecular size  (n=2-4) point to a 
size dependence of the exciton absorption that is at least qualitatively similar to equation 2 
(see, for example, refs [9] and [10]). Thus, the red shift as observed in Figure 1 is caused by 
AgI
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the appearance of larger and larger complexes in the system. This was independently 
corroborated by ultra centrifugation (UC) measurements, where we measured the optical 
absorption profile as a function of wavelength. The concentration as a function of radial 
position r , c(r), of a single species of buoyant mass mb is given by 
0
ω
 
                                 ]
2
)(
exp[)()(
2
0
22
0 kT
rrmrcrc b −= ω                                                      (3), 
where  is a reference radial position (usually the position of the liquid-air meniscus of the 
sample), 
r
 is the rotational velocity, and k and T are Boltzmann’s constant and the absolute 
temperature, respectively. Equation 3 applies if the species behave ideally, i.e., if interactions 
between them are negligible.  
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Figure 2. Equilibrium optical absorption profiles of systems with several iodide 
concentrations and a 4:1 I:Ag ratio in an ultra centrifuge, plotted as lnA/ω2 vs r2 (see eq.3 and 
the discussion following it in the text). The different wavelengths at which the profiles were 
taken are indicated in the figure. The buoyant masses, mb, of the particles that follow from the 
slopes of the curves are as follows: mb= 8.9×10-25kg (310nm; 0.57 M iodide), mb= 9.8×10-25kg 
(315nm; 0.57 M iodide), mb= 13×10-25kg (320nm; 0.57 M iodide), mb=17×10-25kg (350nm; 
2M iodide), and mb=20×10-25kg (370nm; 5M iodide). We transform the observed buoyant 
massed to equivalent masses of an AgI pair, n, by writing mb = n(mAgI-νρs). In this equation, 
mAgI (=3.9×10-25kg) is the mass of an AgI pair, v (=0.0699nm3) is the volume of AgI in the 
thermodynamically stable solid β (wurtzite) phase, and ρs is the (mass) density of the solvent 
water plus salt. The value of v that we took assumes that the clusters have the same structure 
as the macroscopic solid AgI. In practice we expect different structures: as long as they are 
small the structure will be adjusted to minimize the interfacial free energy. However, the 
volumes of AgI in the different solid phases varies less than 10% [11]; even the v value of 
0.075 nm3 deduced from the  Ag4I62- [5] cluster is only a few percent different from the one 
that we employ. Moreover, the value of n is quite insensitive for the choice of v: in this case 
the value of vρs (≈ 7×10-26kg) being  only ∼ 18% of the value of mAgI. This leads to n values of 
2.8 (310nm), 3.1 (315nm), 4.1 (320nm), 5.3 (350nm), and 6.2 (370nm).  
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The optical absorption profile A(r)=εlc(r), where c(r) is given by eq. 3 and ε and l are the 
(molar) extinction coefficient and the optical path length, respectively. This profile will 
depend on wavelength, because different wavelengths will pick up different sizes and thus 
different buoyant masses  (mb in eq. 3). As will be shown later (cf. Figure 4), the 
concentrations of the species are small enough for that to be the case. If several different 
species are present, they will, depending on their size, absorb at different wavelengths. 
As can be seen in Figure 2, this is exactly what happens: the larger the wavelength, the larger 
the buoyant mass of the particles. The (real) masses of the particles that can be extracted 
from Figure 2 correspond to an equivalent number of AgI pairs in the cluster between 2.8 
(310 nm) and 6.2 (370 nm), assuming that clusters of size n only absorb at a single 
wavelength. This assumption is quite plausible, as clusters significantly absorbing at more 
than a single wavelength would show up in systematic deviations from straight lines in 
Figure 2. This clearly does not occur. At wavelengths above 370 nm, the absorption intensity 
became too small and noisy for extraction of reliable masses. This is due to a combination of 
a small optical path length of the cell that was used in the UC measurements, and the limited 
sensitivity of the optical detector of the UC: the systems still absorb significantly at 
wavelengths beyond 370 nm, pointing to the presence of clusters for which n > 6.2.   
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Figure 3. Plot of 1/λ-1/λo versus n-2/3, where n is the equivalent mass of a cluster in units of 
AgI pairs. The values of n were calculated from the buoyant masses as indicated below Figure 
2. λ is the wavelength at which a corresponding buoyant mass was observed, as indicated in 
Figure 2. λ0 (=420 nm) is the value of the wavelength where the bulk exciton absorption of 
AgI is centered [20]. The (six) largest n values correspond to systems with 2, 3 and 5M 
iodide. The uncertainties in these values are smaller than the symbol sizes. The other points 
were obtained from systems with 0.57 M iodide. No systematic difference was found between 
these systems. According to eq. 3, the points should lie on a straight line that goes through the 
origin. This is only the case for the largest (n>4) clusters. The slope of this line gives an α of  
(0.82±0.03)×10-4nm.  
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To extract the size distribution of the complexes from the optical absorption spectra, we need  
a quantitative relation between the size of a cluster and the wavelength where it absorbs. 
According to eq. 2, plotting 1/λ-1/λ0 versus n-2/3 ∝ R-2 should give a straight line that goes 
through the origin. As shown in Figure 3, where we plotted these quantities for a variety of 
systems, this is only the case for the largest (n>4) clusters. The value of the constant α 
[(0.82±0.03)×10-4nm] that was extracted from Figure 3 is roughly 1 order of magnitude 
smaller than the theoretical value of α (=πe2 aB /8chεrεo≈1.2×10-3 nm). In this equation, e is 
the electron charge and c, h and ε0 are the speed of light (in vacuum), Planck’s constant and 
the vacuum permittivity, respectively.  The Bohr radius aB =1.1 nm for AgI, and the high 
frequency dielectric constant εr = 4.9 [11]. The difference between the theoretical and 
experimental values of α is hardly surprising, considering the small size of the clusters. Note 
that any empirical function that describes the relation between absorption wavelength and 
particle size in Figure 3 will serve our purpose equally well. We will further use eq. 2 to 
extract the number of AgI pairs from the wavelength 
 
 
 
3/ 2
3/ 2
0
4 1 1( )
3
n
v
πλ α λ λ
− = −                     (4), 
 
where we used the geometrical relation 4/3πR3=nν  with v=0.0699 nm3 for the volume of 
AgI in the thermodynamically stable solid β (wurtzite) phase. In deriving eq.4 we assumed 
that the clusters are spherical. In general, different cluster shapes will lead to different values 
of the geometrical factor 4π/3 in eq.4. 
 We will further concentrate on systems with a constant ratio of silver and iodide 
(1:4), but varying iodide concentrations, as in Figure 1b. In all these systems, a macroscopic 
phase of (excess) solid silver iodide is present. We have carefully checked if the systems are 
in thermodynamic equilibrium; i.e., we performed temperature cycles and added the 
components in a different order. In all cases we find indistinguishable absorption spectra. We 
therefore conclude that the clusters that we find are in thermodynamic equilibrium with an 
excess solid phase. The distribution of clusters can be predicted by thermodynamics. In 
Appendix 1, we analyze the equilibrium 
 
n AgI (s) + m I- FAgnIn+mm-                   (5) 
 
where AgI (s) is the (macroscopic) solid, undissolved aggregate of silver iodide. This 
analysis leads to the size distribution of clusters  
 
2 / 3 /a n kT
nc b e
−=          (6) 
 
where cn is the (molar) concentration of clusters containing n AgI pairs and, in principle, 
every possible number of excess iodide ions. We expect that the dependence on n of the first 
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term on the right-hand side of eq.6 is weak compared to the exponential dependence in the 
second term. The term in the exponent of eq.6 contains the interfacial free energy of the 
cluster. In the case of spherical clusters with a radius R we have na 2/3=4πR2γ, where γ is the 
interaction free energy per unit area. If clusters are large (say n>100), γ can be considered as 
the macroscopic interfacial tension between excess solid AgI and the electrolyte solution. In 
that case =4π(3ν/4π)a 2/3γ, where v is the volume of an AgI pair inside bulk solid AgI. For 
smaller clusters, γ can no longer be regarded as a macroscopic quantity. However, we do not 
expect its value to be much different from the interfacial tension of the macroscopic solid- 
electrolyte interface. The size distribution may now be deduced from the absorption 
spectrum: the relation between n and λ is given by eq.4 and the relation between cn and 
optical absorption by the Lambert-Beer law.  
In Figure 4 we plotted the (logarithm of the) optical absorption as a function of n2/3 for three 
different systems with a constant ratio of silver and iodide (1:4), but varying iodide 
concentrations of 2, 3 and 5M. Obviously, the higher the iodide concentration, the larger the 
clusters in the system become. In the case of the system with 5M iodide, in the tail of the size 
distribution, clusters with n=10 are observed, as can be seen in Figure 4. Clusters with n=5-
10 should be on the order of 1nm in size. Figure 5 shows a cryoelectron microscopy picture 
of the system with 5M iodide, from which it is obvious that indeed, clusters on the order of 
this size exist. As far as we are aware, these are the smallest AgI “particles” that have ever 
been observed by this technique. Since these sizes are on the order of the resolution of the 
microscopy technique, we could not extract reliable size distributions from Figure 5. 
From Figure 4, we conclude that our measured cluster distributions are fairly well described 
by the exponential form as predicted by theory. The deviations from the straight lines in this 
figure might be due to a weak n dependence of the prefactor b in eq.6, but may also be 
caused by a (weak) n (or wavelength)-dependent molar extinction coefficient of the clusters. 
The slopes of the lines in Figure 4 include the constant a (see eq.6) whereas their intercepts 
are given by ln(εlb). The values of a/kT are 3.78, 2.13 and 1.88, corresponding to values of γ 
of 18.9, 10.7 and 9.3 mN/m for the systems containing 2, 3 and 5 M iodide, respectively. 
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Figure 4. (a) Same as Figure 1b, but with the logarithm of the absorption plotted versus n2/3, 
where n was calculated using eq.4 with an α of (0.82±0.03)×10-4nm. As explained in the text, 
the slopes of the lines in Figure 4 equal –a/kT (see eq.6), whereas their intercepts are given by 
ln(εlb). For the systems with 2, 3, and 5 M iodide, the slopes are -3.78, -2.13, and -1.88, and 
the intercepts are 8.78, 6.14, and 6.11, respectively. (b). Concentration of AgI in clusters of 
size n, ncn, with cn given by eq.6. The values of b were determined as explained in Appendix 
2. They are b=0.014, 0.0051 and 0.015 M for the systems containing 2, 3 and 5M iodide, 
respectively. In the inset, we show the size distribution for a/kT=0.18, i.e., one-tenth of the 
value of the 5M system, and b=0.015M. 
 
 
The values of γ are expected to be comparable to the interfacial tension of the macroscopic 
AgI-electrolyte interface. The interfacial tension of the AgI-water interface, without adsorbed 
iodide, is on the order of 100 mN/m, based on the comparable interfacial tensions of AgBr 
and AgCl (see, for exaple ref [12]). Thus, addition of iodide reduces the interfacial tension by 
1 order of magnitude. This reduction must be caused by adsorption of iodide at the AgI- 
water interface. Note that surfactants reduce the interfacial tension of the air-water interface 
by the same order of magnitude [13]. In water-surfactant systems, micelles are formed. These 
micelles are quite monodisperse. Here we find the analogue of micelles built from inorganic 
material, but these have a continuously decreasing size distribution. This is because in case of 
micelles, their equilibrium size is determined by the geometry of the surfactant molecules 
[13], while here, it is purely the interfacial free energy that determines the (Boltzmann) 
weight of the species.  
In Appendix 2, we describe how the values of b in eq.6 were obtained. With these values, the 
cluster size distribution, eq.6, is now fully determined. In Figure 4b, we plotted the 
concentration of AgI pairs in clusters of size n, ncn. As can be seen in this figure, the system 
with the highest iodide concentration contains a significant fraction of silver in clusters in 
which n≥10. Thermodynamically stable clusters of AgI of this size have never been seen 
before, not in aqueous solutions or in other solvents. Other insoluble salts in contact with the 
electrolyte  that  contains  adsorbing  potential-determining  ions  are  expected  to  behave  
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similarly. 
 
  
   
 
Figure5. Cryoelectron microscopy image (see the Experimental section) of the system with 
5M iodide. The micrograph shows a population of small grains, not present in the control 
sample (system without silver; image not shown). The bar represents 20 nm. 
 
However, the sizes of the clusters being formed sensitively depend on the value of a 
in eq.6. This value is in turn determined by the adsorption density of the ions at the solid-
electrolyte interface. Thus, cluster with sizes similar to the ones found here are expected in 
systems where potential- determining ions adsorb strongly, like iodide on AgI [3]. In 
principle, it might be possible to reduce the lowest interfacial tension that we find by an 
additional 1 order of magnitude. This may be accomplished by adding material that adsorbs 
more strongly than iodide. However, the adsorption process should still be reversible so that 
exchange of matter between the clusters is possible; this is a necessary condition for 
thermodynamic equilibrium. As shown in the inset of Figure 4b, with such a smaller value of 
a in eq.6, the size distribution ncn will first increase with n, peak at n≈ 20, and subsequently 
slowly fall off at larger n values, leaving a significant fraction of AgI in clusters with n>100. 
This scenario is comparable to the one discussed by Overbeek [14], who argued that 
insoluble solid materials may emulsify spontaneously by reducing the interfacial tension 
between the solid-solute interface.  
 
 
Concluding remarks 
 
We showed that silver iodide in the presence of excess iodide spontaneously forms clusters 
up to ∼1nm in size. These clusters are largest (on average) if excess solid silver iodide is  
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present. The statistical weight of a cluster in the size distribution is exponentially decreasing  
with its interfacial area. We have already mentioned the analogy with micelles. In fact, there 
are more situations where two or more immiscible materials may be interdispersed on 
nanometer length scales and be thermodynamically stable, for example microemulsions (see, 
for example, ref. [15]). These are mixtures of oil and water stabilized by surfactants. But 
there also are examples of thermodynamically stable dispersions of large (solid) clusters or 
nanosized particles in a solvent. In the presence of acids, clusters containing up to 36 metal 
atoms spontaneously (and reversibly!) form in aqueous solutions of molybdenum and 
tungsten oxide (see, for example, ref. [16]). In certain mixtures of iron oxide [17], but now at 
high pH and in an aggregated state, particles several nanometers in size are found to form 
reversibly. In the first example, contrary to what we find, surface effects appear not to play a 
role. But in the second example it might be that adsorbed OH- ions stabilize the particles. 
Still another example is thiol-capped gold nanoparticles in nonaqueous solvents [18], but it is 
not clear whether these systems are reversible. We showed that insoluble salts may also 
(partly) emulsify spontaneously; we are currently systematically investigating the effects of 
species other than iodide that adsorb at the AgI - electrolyte interface.    
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APPENDIX 1 
 
Multi chemical equilibrium and cluster size distribution 
Clusters of silver iodide are in equilibrium with a solid phase of AgI described by 
 
 
−+ mIsnAgI )( F                                     (A1), −+m mnn IAg
 
where   is the (macroscopic) solid, undissolved aggregate of silver iodide, )(sAgI −I  is the 
iodide ion, and   is a cluster containing n silver iodide pairs and m excess iodide 
atoms.  
−
+
m
mnn IAg
Thermodynamic equilibrium implies that 0=∑ ii i µν , where iν  and iµ  are the 
stoichiometric coefficients and the chemical potentials of the components i, respectively. The 
chemical potentials of the soluble species depend on concentration. If i= −I we write the 
chemical potential as , where is the standard chemical potential,   )ln(0 −−− −+= III cfkTµµ 0−Iµ
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−Ic the concentration of 
−I  relative to the ‘standard concentration’ (c0=1M), and f-  is the 
activity coefficient (fugacity) of a negatively charged univalent electrolyte. Similarly, for  
 we write the chemical potential as  −+
m
mnInAg
 
0
, , lnn m n m n mkT xµ µ= + ,
2 / 3
                          (A2), 
 
where the subscript n, m refers to the cluster  . The logarithmic term in the above 
equation now contains the mole fraction x
−
+
m
mnn IAg
n,m instead of the (molar) concentration. The reason 
for this choice is that we take the (excess) solid phase, where x=1, as the standard state that 
defines (part of) . As only (very) small concentrations of the species are expected, we 
neglect deviations from ideal behavior of the clusters. Clusters with an n, m composition 
contain n AgI pairs as well as m excess iodide ions. As opposed to the situation in the excess 
solid, the clusters are surrounded by an electrolyte solution rather than being part of a lattice. 
This gives rise to an interfacial free energy term in the standard chemical potential of a 
cluster. We therefore write  
0
,mnµ
 
               (A3). 
0 0
, ( )
ins
n m I
n m n anµ µ µ −∞= + +
 
 
This equation can be considered as the reversible work of building an n, m cluster involving 
three steps:  
 
Step 1 is formation of n pairs of bulk AgI [i.e, (excess) solid AgI in the thermodynamic 
limit]. This contribution is , where is the chemical potential of an AgI pair in the bulk 
(this term is going to cancel the contribution from the excess solid); 
0
∞µn 0∞µ
 
Step 2 is addition of m excess iodide molecules to the cluster; this contributes , 
where is the chemical potential of excess iodide inside a cluster. This quantity is 
expected to depend on the number of AgI pairs in a cluster. If excess iodide mixes randomly 
with AgI, then  would have the same form as eq. A2, where in that case x=m/(n+m) . 
However, since iodide merely adsorbs onto the clusters, we expect a more complicated 
dependence on n. We will not make an assumption for this dependence. 
)(nm insI −µ
)(ninsI −µ
)(ninsI −µ
 
Step 3 is the surface term. This term takes into account the interactions of an n, m cluster 
with the electrolyte (after being removed from the bulk excess solid). This term is the 
interfacial free energy of the cluster, which we write as an . In case of spherical clusters of 
radius R, we have  where γ is the interaction free energy per unit area. As 
explained in the main text, γ can be considered as the macroscopic interfacial tension 
between excess solid AgI and the electrolyte solution if clusters are large (say n>100). 
3/2
γπ 23/2 4 Ran =
 
                  Combining the above equations leads to the size distribution of clusters of the n, 
m category.  
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              (A4). 
( ) 2 / 3( )1 /, insI mn an kTn m s Ic v f c e eµ −− ∆− −−=
 
In this equation, cn,m (=xn,m/vs) is the (molar) concentration of the clusters of the n, m 
category, vs is the (molar) volume of the solvent (for water, vs-1≈ 55.56 M). We have defined 
, which equals )(ninsI −∆µ [ ] kTninsII /)(0 −− − µµ
)(n
, as being the difference in chemical potential 
between (1 mole of) iodide in solution and iodide in a cluster. This term takes into account 
that upon formation of an n, m cluster, m iodide ions are transferred from solution to the 
solid cluster. Thus,  quantifies the fraction of iodide that adsorbs on a cluster of size 
n. We will neglect any explicit dependence of  on n, thereby decoupling the second 
and third term on the right-hand side of eq. A4.  
ins
I −∆µ
)(ninsI −∆µ
The value of m equals the charge of a cluster. There are two extreme cases. If all 
clusters have equal charge <m>, then the size distribution of clusters containing n AgI pairs 
can be written as kTanmIsn eecfc
ins
I /1
3/2
)( −∆−
− −
−= µν . In the other extreme case, a cluster of n 
AgI pairs may have every possible charge and one has to sum over m to obtain the 
distribution of clusters containing n AgI pairs (independent of the number of iodide atoms), 
i.e., 
 
 ( ) 2 / 3 2 / 311 /
0 1
ins
I
ins
I
m
an kT an kTs
n s I
m
I
vc v f c e e e
f c e
µ
µ
−
−
−
−
−∞ ∆− −
− ∆= −
= =
−∑
/−
 
 
provided that  and that all values of m are equally probable. These extreme 
cases are not very plausible; for example, experiments in DMF point to complexes containing 
one to three iodide atoms in species consisting of a single silver atom (see, for example, ref. 
[6]). In this example, the number of (excess) iodide atoms is not fixed, nor are all (from zero 
to infinity) values of m allowed. On the other hand, solubility data [4] point to a constant 
(average) charge of the clusters over a wide range of iodide concentrations. We feel that this 
issue has not been resolved and requires further study. We will therefore not make any 
assumptions and pragmatically write the size distribution as eq.6 in the main text 
1<−− ∆−
ins
Iecf I
µ
 
                             (A5) 
2 / 3 /a n kT
nc b e
−=
 
where the ‘prefactor’ b only depends on the iodide concentration in solution and the average 
charge of the clusters. The dependence of b on n is expected to be weak compared to the 
exponential dependence, i.e., the second term on the right-hand side of eq. A5.  
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APPENDIX 2 
 
 Data analysis 
The values of a in eq. A5 are obtained as described in the main text. The values of b cannot  
simply be extracted from the absorption spectrum, since the absolute optical absorption of the 
clusters is not precisely known. Samples were measured relative to samples without silver, 
but these samples still have a composition slightly different from that of the electrolyte in 
which the clusters are dispersed. Therefore, we extracted the values of b from solubility data 
of silver at different iodide concentrations, as reported in ref. 4. Assuming that all silver is 
dispersed in the form of clusters (i.e., the number of free silver ions is much smaller than the 
amount of silver in the clusters), the solubility of silver is given by  
. In principle, the values of b can now be extracted from 
this equation using the solubilities c
∑∑ ∞= −∞= == 1 /1 3/2n kTann nAg nebncc
Ag as well as the values of ∑∞= −1 /3/2n kTanne  that were 
calculated numerically.  
                     The solubility data were taken from ref. [4] and are described well by the 
function log(cAg)=-3.91 + 2.97log(cI-). The values of cI- are in fact the effective iodide 
concentrations in the system: we compensated for the amount of iodide that is present in the 
solid excess phase of AgI. Since in all cases almost all silver resides in the solid, we simply 
subtracted the total concentration of Ag in the sample from the initial iodide concentration. 
As a result (for the constant 1:4 ratio of silver to iodide), cI-=1.5M, 2.25M and 3.75M instead 
of 2, 3, and 5M, respectively, corresponding to cAg=4×10-4M, 1.3×10-3M and 6.0×10-3M. The 
values of  are 0.029, 0.26 and 0.41 for the values of a that correspond to 2, 3, 
and 5M iodide, respectively. This leads to b values of 0.014, 0.0051 and 0.015 M for the 
systems containing 2, 3 and 5M, respectively. If clusters of size n contain a constant number 
m (or <m>) adsorbed iodide ions, and if this value only weakly varies with n, then  
∑∞= −1 /3/2n kTanne
m
I
ins
Iecf )−−
∆
−
µ
sb (
1−≈ν  and increases with iodide concentration. Clearly, this only happens 
upon increasing the total iodide concentration from 3 to 5M, where a b(cI-=5M)/ b(cI-=3M) 
ratio of ≈ 2.9 points to an <m> of ≈ 2.1, consistent with a charge of the clusters being more 
negative than –2 as found in ref. [4] using electrophoresis. We expect that the model (eq.6) 
breaks down for very small clusters sizes. Indeed, the summation , including 
clusters of sizes as small as 1 will certainly lead to errors. The system in which c
∑∞== 1n nAg ncc
I
-=2M 
contains the largest fraction of small clusters, which may explain the unexpectedly high value 
of b for this system. 
 Comparing the values of the intercepts of the curves in Figure 4 (i.e., 8.78, 6.14, and 
6.11 for systems containing 2, 3 and 5M iodide, respectively) with those of b immediately 
gives an estimate of the molar extinction coefficient of the clusters: it is on the order of 105 
Lmole-1 cm-1 (with our optical path length of 1 cm). This is comparable to the value reported 
by Mulvaney  [19] (7.6×105 Lmole-1 cm-1 for his AgI particles that were 3 nm in diameter).    
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Thermodynamically stable AgI clusters were studied in the presence of high and low 
molecular weight additives: polyethyleneimine (PEI) and dimethylformamide (DMF), 
respectively. Clusters containing up to 20 silver iodide pairs, roughly twice as many as in the 
system without PEI or DMF, have been observed. We show that the mechanism stabilizing 
these clusters is mixed adsorbtion with iodide ions at the AgI-electrolyte interface. We make 
plausible that more strongly adsorbing additives give rise to ultralow interfacial tensions of 
the AgI-electrolyte interface, with perspectives for “reversible colloids”. 
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Chapter III 
 
Introduction 
 
 
In this work we address the question as to what adsorbing additives do to the properties of 
stable AgI clusters in the presence of excess iodide ions. We recently showed  that the 
insoluble salt silver iodide partly emulsifies into small clusters containing up to 10 AgI pairs 
if sufficient excess iodide ions are present [1]. The mechanism behind this spontaneous 
emulsification is that iodide ions adsorb at the interface between solid silver iodide and the 
aqueous electrolyte solution, thereby decreasing its interfacial tension. This mechanism is 
fundamentally different from the mechanism that underlies traditional colloid stability: 
stability of colloids in the traditional sense refers to their ability to remain suspended by 
avoiding aggregation due to attractive (e.g., van der Waals) components in the potential of 
mean force between particles [2]. In that case the large interface, present in these systems 
represents a large amount of free energy, which is only at a minimum when all the particles 
have united to a single large crystal. On the other hand, there is a close analogy with 
microemulsions, dispersions (on nanometer scales) of immiscible liquids stabilized by 
surfactant molecules: these form spontaneously once the surface work for creating droplets 
becomes on the order of the thermal energy, see, e.g., [3].  
However, the interfacial tension of the surfactant-loaded oil-water interface in case of 
microemulsions usually is below 0.1 mN/m, while in the systems studied in [1] it was found 
that the interfacial tension is roughly 10 mN/m.  This value is an order of magnitude smaller 
than the interfacial tension of the bare AgI-water interface, being of order 100mN/m [4]. The 
larger interfacial tension compared to that of microemulsions leads to relatively small 
clusters, as the size of a cluster must be on the order of / 4kT πγ , where kT is the thermal 
energy and γ the interfacial tension. This equation follows from the condition that (spherical) 
clusters of radius R must form if the work to create them is on the order of the thermal 
energy, i.e., 24 R kTπ γ ≈ .  
The purpose of this work is to investigate the influence of adsorbing materials other 
than iodide, and to study the cluster properties.  If more than a single species adsorb at the 
AgI-electrolyte interface, interfacial tension is expected to decrease even further than in the 
situation with only iodide, resulting in significantly larger clusters than those found in [1]. 
Adsorption of these components should still be reversible, as thermodynamic equilibrium 
requires that exchange of matter between clusters occurs.  
In this paper both high and low molecular weight adsorbing species are studied. In the 
next paragraph we study silver iodide in the presence of poly (ethyleneimine), PEI. These 
polymers are well known to adsorb on silver iodide, and they at least kinetically stabilize 
silver iodide quantum dots [5]. Next we move to N,N dimethylformamide (DMF). Silver 
iodide has a high solubility in this solvent and forms complexes containing up to 6 silver 
atoms [6].  
 
 
 
Experimental 
 
Materials.- Samples were prepared using distilled water. Silver perchlorate hydrate, silver 
nitrate, potassium iodide, polyethylenimine (50 wt. % solution in water, Mw≈ 2000) and N,N- 
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dimethylformamide were used without further purification. 
 
Spectrophotometry.- Optical absorption spectra were recorded using a Cary 1E UV-VIS 
spectrophotometer. The temperature of the solution was maintained at 25±0.1° C. Cells with 
a 1cm path length were used. The solution in the blank cell contained potassium iodide and 
sodium thiosulfate, but no perchlorate and PEI or DMF. Neither perchlorate ions nor PEI 
(DMF) absorb at the wavelengths observed. Most samples contain excess silver iodide solid; 
the absorption data were taken from the liquid phases after removing the solid by 
centrifugation. All solutions were kept in a darkened cabinet. The absorptions were 
determined at several times after preparation and after performing temperature cycles in 
order to verify that the systems are thermodynamically stable. Sodium thiosulfate was 
present in both sample and blank at approximately  8×10-4 M. At this concentration it does 
not contribute to the absorption but keeps iodide in the reduced state. 
 
Mass determinations.- The buoyant masses of the complexes were determined in a Beckman 
XL-I analytical ultracentrifuge. The ultracentrifuge contains a spectrophotometer and the 
equilibrium optical absorption profile was measured at several wavelengths. It usually took 
in between 10 and 15 days before equilibrium was established.  
 
Cryo-electron microscopy (Cryo-TEM).- A thin film (50-200nm) was prepared in a Vitrobot 
[11] at 25 C and a relative humidity >95%. This film was vitrified by shooting into liquid 
ethane, transferred to a Philips CM 12 microscope using a Gatan 626 cryo-transfer system 
and cryo-holder and observed at about -170°C and 120kV. Micrographs were taken under 
low-dose conditions.  
 
 
 
 
Results and Discussion 
 
Addition of Poly (ethylene imine) 
 
Our first goal was to check if systems containing only small excess amounts of either silver 
or iodide ions in the presence of PEI, as studied by Mulvaney [5] are thermodynamically 
stable. These systems contain quite monodisperse, nanometer sized  particles. We found that 
they clearly are not thermodynamically stable; the adsorption spectra slowly kept shifting (in 
a matter of weeks to months) towards the red, pointing to larger and larger particles forming 
[5]. Only systems with compositions of approximately 0.2-0.3mM PEI, 0.2mM AgI and 0.6 
mM excess silver ions showed remarkable stability, i.e., no significant red-shift was observed 
over several months.  
However, addition of the components in different order revealed no indication that the 
system containing small particles is thermodynamically stable under those conditions. 
Indeed, thermodynamic stability implies that system properties only depend upon the 
thermodynamic state and not, e.g., on the order at which components are added.  
The situation is completely different if large excess amounts of iodide are present. Figure1 
shows absorption spectra of systems containing excess solid AgI, after removing the solid. It 
is clear that upon increasing the polymer concentration in a system containing 5 M KI and 
1.25M AgClO4 a red shift occurs: absorption takes place at increasingly longer wavelengths  
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compared to the system without PEI [1]. The significant red shift with increasing PEI 
concentration was also observed in a less concentrated system with excess iodide (solution 
containing 0.57M KI and 0.012M AgClO4 plus different PEI concentration from 0.12 to 
20mM; spectra not shown). 
The observed red shift may occur due to the presence of AgI clusters,  stabilised with PEI 
(besides iodide ions), when the polymer concentration increases. 
 
360 375 390 405
0.0
0.8
1.6
2.4
A
λ (nm)
 
Figure 1. Optical absorption of solutions containing 5M KI and 1.25M AgClO4 (), plus 
5mM PEI (); 10mM PEI (□); 30mM PEI (^); 50mM PEI (); 100mM PEI (1); These 
absorptions were measured relative to a system without PEI and AgClO4. 8×10-4 M sodium 
thiosulfate was present in the systems in order to avoid formation of I3- [10]. In these systems 
an excess solid phase is present. The absorption data were taken from the liquid phases after 
removing the solid by centrifugation. 
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                   It will be shown later that this is indeed the case. At this point we note that the 
absorption spectra in Figure1 are independent of the order in which the components were 
added. Moreover, they cannot be distinguished from the original spectra after performing 
temperature cycles. These observations are strong proof of thermodynamic stability of the 
systems.  
Our next step is to find out what the size (distribution) of the clusters is. We will 
follow the strategy pointed out in [1], i.e., find the relation between the size of the particles 
and the wavelength where they absorb using ultra centrifugation. In short, for semiconductor 
particles such as AgI, the band gap energy of an electron-hole pair depends on the size of the 
particles [7], leading to 
 
 
                 2
1 1
o R
α
λ λ= +                                                                                                         (1), 
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where λ is the absorption wavelength, R particle size, λo=420nm is the value of the 
wavelength where the bulk exciton absorption of AgI is centered [8], and α is a constant that 
can be determined by ultracentrifugation (UC), at least in principle [1].  
For this purpose we measured the optical absorption profile as a function of wavelength, 
using UC. For an ideal, noninteracting single component system, the equilibrium distribution 
obtained is a well-known exponential function of the buoyant mass of the macromolecule, 
mb, given by 
 
             
2 2 2( )( ) ( ) exp
2
b o
o
m r rc r c r
kT
ω −=                                                                            (2) 
 
where  is the sample concentration at radial position r , c r is the sample concentration 
at a reference radial distance , ω the rotational velocity, and k and T are Boltzmann’s 
constant and the absolute temperature, respectively.  
( )c r ( )o
or
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Figure 2. Equilibrium optical absorption profiles of systems with different PEI concentrations 
and constant concentrations of iodide and silver (5M KI and 1.25M AgClO4) in an ultra 
centrifuge (ω=12krpm), plotted as lnA versus r2 (see eq.2 and the discussion following it in 
the text). The wavelength-dependent buoyant masses, mb, of the particles that follow from the 
slopes of the curves are expressed in units of n, the equivalent number of AgI pairs. These 
numbers are: n=8.4 (365nm; 10mM PEI): curve (1) in the figure, n=9.6 (375nm; 10mM PEI): 
curve (2), n= 11.9 (380nm; 10mM PEI): (3), n=9.7 (370nm; 50mM PEI): (4), n=10.4 (380nm; 
50mM PEI): (5), and n=9.3 (380nm; 100mM PEI): (6). Inset: Equilibrium optical absorption 
profiles of systems with 50 () and 100mM () PEI at 390nm. The curves are noisy (and 
seem to consist of two linear parts) due to a very small absorption on the observed wavelength 
(see explanation above). The number of AgI pairs calculated from the slopes and indicated in 
the figure is n≈20.  
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The optical absorption profile ( ) ( )A r lc rε= , where c r  is given by eq. (2) and ( ) ε  and  are 
the (molar) extinction coefficient and the optical path length, respectively. If several different 
species are present, they will, depending on their size, absorb at different wavelengths. 
Different wavelengths will pick up different sizes and thus different buoyant masses, m
l
b in 
eq.(2). 
As can be seen in Figure 2, this is indeed what happens: the larger the wavelength, the larger 
the buoyant mass of the particles. The real masses of the particles that can be extracted from 
Figure 2 correspond to an equivalent number of AgI pairs in the cluster in between n=8.4 and 
11.9, assuming that clusters of size n only absorb at a single wavelength. Compared with the 
AgI nano-particles without PEI [1] where clusters of 2.8 to 6.2 were found, it is clear that the 
clusters are larger in the presence of PEI. If the absorption intensity became too small the 
curves are noisy (inset Figure 2) and it is difficult to extract reliable masses due to a 
combination of a small optical path length of the cell that was used in the UC measurements 
and the limited sensitivity of the optical detector of the UC. However the number of AgI 
pairs obtained from the slope in the inset in Figure 2 is n≈20. 
As can be seen in Figure 2 (inset), the curves at the highest measured wavelengths seem to 
consist of two linear parts, pointing to two differently sized clusters picked up by these 
wavelengths. We return to this issue later. We have also measured the optical absorption 
profiles as a function of wavelength for 0.57M KI with different concentrations of PEI . The 
sizes of the clusters, expressed in number of AgI pairs are between 7.7 and 10.9. There is no 
big difference in masses of the clusters found in 0.57 and 5M KI, although in 0.57M KI we 
found no direct indications that clusters of sizes around n=20 exist.  
In Figure 2 and Figure 4 (see later) rotational velocities were relatively low, up to 12 krpm. 
Around that value, observed particle sizes do not depend on rotational speed, indicating that 
the centrifugal field does not perturb the cluster distributions present in weak fields (such as 
under normal gravity). At higher speeds, the situation is quite different: Figure 3 shows 
equilibrium optical absorption profiles of systems rotated at 15 and 17 krpm. As can be seen 
in Figure 3, the buoyant masses (that have been extracted from the steepest parts of the 
curves for the system observed at 15 krpm) of the complexes are much larger at these higher 
rotational velocities than they are in Figure 2, reaching values as large as 121 AgI pairs. This 
indicates that particles tend to coagulate due to the increased rotational velocity. That this 
scenario applies rather than the size distribution shifting continuously to larger particle sizes 
has been corroborated by close inspection of the complete absorption profiles at 15 krpm: 
these profiles can be well described by two linear parts, as shown by the curves designated 
“a” in Figure 3. 
                       The two masses extracted from these profiles correspond to the two sizes that are 
found by separate centrifugation experiments at relatively low speeds, and at relatively high 
speeds. At even higher speeds of 17krpm (curves b in Figure 3), the only reliable part in the 
equilibrium absorption profile corresponds to the highest mass clusters. These effects have 
not been observed for comparable systems without PEI.  
We now have all the information to extract the size distribution of the complexes from the 
optical absorption spectra following [1]. According to eq.(1), plotting 1/λ-1/λo versus n-2/3 
∝R-2 gives a straight line with a slope related to the value of the constant α.  Our results are 
consistent with the value of α=(0.82±0.03)×10-4nm  we found for the systems without PEI, 
see [1]. We extract the number of AgI pairs, n, from the wavelength by writing (see again [1] 
for details) 
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                     3/ 2 3/ 24 1 1( ) ( )
3 o
n πλ αν λ λ
−= −                                                                         (3), 
 
with v=0.07 nm3, the molecular volume of AgI in the thermodynamically stable sold β 
(wurtzite) phase. 
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Figure 3. Equilibrium optical absorption profiles of systems with two different PEI 
concentrations and constant concentrations of silver and iodide (5M KI and 1.25M AgClO4) 
in an ultra centrifuge plotted as lnA/ω2 versus r2. The solutions contain 10mM PEI, n=69 
(385nm, ); 100mM PEI, n=95 (390nm, ) and 100mM PEI n=121 (400nm, □). The three 
series of curves represent the profiles of the clusters at 15 (a) and 17 (b) krpm. At higher 
speed the buoyant masses of the complexes clearly are much larger (compare mb at 12000 
(Figure 2) and 15000 r.p.m.), indicating that particles coagulate due to the increased rotational 
velocity. At the lowest rotational speeds, the curves (designated (a)) seem to consist of two 
linear parts.  
 
 
In Appendix 1 we analyze the equilibrium 
 
 
               nAgI(s) + mI- + pPEI F AgnIn+mm-(PEI)p                                                      (4), 
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where AgI (s) is the (macroscopic) solid, undissolved aggregate of silver iodide. This 
analysis leads to the size distribution of the clusters  
 
                                                                                                                   (5), 
2 / 3 /an kT
nc be
−=
 
where cn is the (molar) concentration of clusters containing n AgI pairs and in principle, 
every possible number of excess iodide and PEI. In the absence of PEI we showed that the 
dependence on n of the first term on the rhs of eq. (5) is weak [1] compared to the 
exponential dependence in the second term. The exponential term of eq. (5) contains the 
interfacial free energy of the cluster. In case of spherical clusters with a radius R we have 
an2/3 =4πR2 γ , with γ  the interaction free energy per unit area. This quantity can be 
considered as the macroscopic interfacial tension between excess solid and the electrolyte 
solution in the limit that clusters become macroscopically large. The size distribution of the 
clusters may now be deduced from the absorption spectrum: the relation between n and λ is 
given by eq. (3), and the relation between cn and optical absorption by the Lambert-Beer law. 
By plotting the (logarithm of the) optical absorption as a function of n2/3 for three systems 
with constant concentration of iodide and silver, but varying PEI concentrations (10, 50 and 
100mM PEI), the interfacial tension can be estimated. Compared with the system without 
PEI (see reference [1]), the interfacial tension decreases. For 5M KI without PEI the 
interfacial tension was 9.3mN/m and in the presence of PEI it is 5.5mN/m (10mM PEI), 
5.2mN/m (50mM PEI) and 4.8mN/m (100mM PEI) (the values of are 1.089, 1.032 and 
0.951, respectively). 
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Figure 4. Concentration of AgI in clusters of size n, ncn, with cn given by equation 5. The 
values of b were determined as explained in Appendix 2. The systems contained 10 (), 50 
(&) and 100 (1) mM PEI, respectively. As can be seen the systems contain a significant 
fraction of silver in clusters with n¥20. 
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It seems that the value of γ only weakly depends on PEI concentrations. Judging from the 
slight systematic deviation of  the data from the theoretical lines in Figure 4, it is concluded 
that either the interfacial tension or the value of b or both slightly depends on n. With the low 
interfacial tensions that we find, clusters containing up to 20 AgI pairs are formed as can be 
seen in Figure 4.  
 
 
 
 
Addition of dimethylformamide (DMF) 
 
 
Optical absorption spectra of a system containing 5 M KI, 1.25M AgClO4 and several 
amounts of added DMF are shown in Figure 5. Clearly the same trend is observed as with 
PEI: upon increasing the amount of DMF in the system, a clear red shift occurs; absorption 
takes place at longer wavelengths compared to the system without DMF. This must be 
caused by AgI clusters stabilised by DMF/excess iodide. We also found that upon increasing 
the DMF concentration, the total concentration of silver in solution significantly increases. In 
the case of systems containing 0.5 and 0.8M DMF, no excess phase is present and all silver 
(1.25 M) dissolves. 
 
 
360 375 390 405
0.0
0.5
1.0
1.5
A
λ (nm)
 
 
Figure 5. Same as fig.1, but now with addition of DMF. Optical absorption of solutions 
containing 5M KI and 1.25M AgClO4 (), plus 0.05M DMF (); 0.3M DMF (^); 0.5M 
DMF (1); 0.8M DMF (i); 1M DMF (); 1.5M DMF (□).  
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When the DMF concentration is even further increased, however, excess AgI reappears. This 
behavior is similar to microemulsions, where salt or cosurfactant increase the curvature of the 
microemulsion drops, which ultimately expel part of their interiors as a macroscopic excess 
phase [3]. 
We performed ultra centrifugation (UC) measurements to obtain the optical 
absorption profile as a function of wavelength (see previous section for details). The results 
are presented in Figure 6. In fact, the concentration of clusters in solution is too high to 
ignore interactions between them (see also Figure 7 and Appendix 2), but clearly no 
systematic deviations from an exponential profile can be observed. As can be seen in Figure 
6, the larger the wavelength the larger the buoyant mass of the particles, just as in the case 
with PEI. The sizes of the clusters as extracted from Figure 6 correspond to in between 7.1 
and 18 (inset) equivalent number of AgI pairs.  
The value of α=(0.72≤0.13)µ10-4nm that we extract from the data (in the same way as in the 
previous section) is consistent with the value of α=(0.82±0.03)×10-4nm found earlier [1]. 
Using this value in eq.(3) we immediately obtain the size distribution and extract the 
interfacial tensions. For 5M KI without DMF the interfacial tension was found to be 
9.3mN/m and in the presence of DMF it is 6.0, 5.6, 5.5 and 5.3 mN/m for the systems 
containing 0.05, 0.3, 0.5 and 1.5M DMF, respectively.  
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Figure 6. As Figure 2, but now for the systems with different DMF concentrations. The 
masses in equivalent number of AgI pairs are: n=7.1 (370nm; 0.05M DMF): curve (1), n=8.4 
(380nm; 0.05M DMF): (2), n=6.9 (370nm; 0.3M DMF): (3), n= 8.7 (380nm; 0.3M DMF): (4), 
n=11.9 (390nm; 0.3M DMF): (5), n=7.2 (370nm; 0.5M DMF): (6), n=10.1 (380nm; 0.5M 
DMF): (7), n=8.2 (370nm; 1.5M DMF): (8) and n=11.6 (380nm; 1.5M DMF): (9). Inset: 
Equilibrium optical absorption profiles of systems with 0.5 and 1.5M DMF on 390nm. The 
masses that follow from the slopes are n=21.9 (390nm (□); 0.5M DMF) and n=21.2 (390nm 
(); 1.5M DMF). 
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In Appendix 2 we describe how the values of b in eq. (5) were obtained. With these values, 
the cluster size distribution, eq. (5), is now fully determined. In Figure 7 we plotted the 
concentration of AgI pairs in clusters of size n, ncn. As can be seen in this figure, the systems 
contain a significant fraction of silver in the clusters. Complexes with sizes comparable to 
those with PEI form (i.e., up to 20 AgI pairs).  
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Figure 7. As Figure 4, but now the values of b were determined by measuring a mass of the 
excess phase (explained in Appendix 2). They are b= 0.26, 0.22, 0.24 and 0.56M for the 
systems containing 0.05 (), 0.3 (^), 1.5(□) and 0.5 () M DMF, respectively.  
 
 
 
 
 
In ending this section we note that we also performed cryo electron microscopy 
measurements on our samples (not shown). We indeed observed clusters with sizes of one to 
several nanometers, but it has not been possible to measure the sizes more accurately, 
probably because of the high concentration of silver in solution: 1.25M. The sizes of the 
clusters are in that case smaller than or equal to the distances between them. It is worth 
mentioning, however, that the particles were observed to coagulate on the (charged) carbon 
surface of the sample holder, which may have applications in, e.g., catalysis, see Fig.8.   
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Concluding Remarks 
 
In this work we showed that if adsorbing species other than iodide (or, more generally, 
potential determining ions) are present, AgI clusters roughly twice as large as those without 
additives form. In addition, the whole distribution of clusters shifts (vertically in Figure 4 and 
7)  towards (up to 1000 times) higher concentrations. The larger clusters form because the 
interfacial tension of AgI electrolyte is reduced by roughly a factor of two compared to the 
situation without additives (other than iodide – see ref [1]), as prescribed by eq.(5). The shift 
of the whole distribution is quantified by a larger prefactor, b, in eq.(5). These observations 
constitute a proof of principle that even larger clusters can be formed if the tension of the 
AgI-electrolyte interface is further reduced. This may be realized by stronger adsorbing 
species than the ones studied here. We also mention that in order to obtain a narrow size 
distribution of clusters around a value of, say, several nanometers, the simplest possible 
scenario requires the interfacial tension to quadratically depend on the size of the clusters [9]. 
The quadratic well should have a minimum corresponding to a size of several nanometers. 
This is the case in microemulsions [3]. Such an elastic contribution may in principle be 
realized if adsorbing species interact, either by attraction or by repulsion, as in surfactant 
systems. 
 
 
 
Figure. 8. Cryoelectron microscopy image (see Experimental section) of the system contains 
5M KI, 1.25M AgClO4 and 0.5M DMF. The micrograph shows a population of small silver 
particles stabilised with DMF on the charged carbon film. As can bee seen the particles 
coagulate on the carbon surface. The bar represents 117nm.   
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APPENDIX 1: Multi chemical equilibrium and cluster size distribution 
 
Clusters of silver iodide stabilized by PEI (polyethylenimine) or by DMF-water mixture in 
the presence of excess −I  are in equilibrium with a solid phase of AgI described by 
 
 
                           nAgI(s) + m −I + pQ F AgnIn+mQp                                             (A1), 
 
where AgI (s) is the (macroscopic) solid, undissolved aggregate of silver iodide, −I  is the 
iodide ion, Q is PEI or DMF and  AgnIn+mQp is a cluster containing n silver iodide pairs, m 
excess iodide ions plus p molecules of PEI or DMF.  
Thermodynamic equilibrium implies that 0i i
i
ν µ =∑ , where υi and µi are the stoichiometric 
coefficients and the chemical potentials of the components i, respectively. The chemical 
potentials of the soluble species depend on concentration. For i= Q, and i= −I  we write the 
chemical potential as , where 0 ln(i i ikT f cµ µ= + )i 0iµ  is the standard chemical potential,  
the concentration of i relative to the “standard concentration” c
ic
0=1M, and if  is the activity 
coefficient.  Similarly, for  we write the chemical potential as  n n m pAg I Q+
 
 
                         (A2), pmnpmnpmn xkT ,,
0
,,,, ln+= µµ
 
 
where the subscript (n,m,p) refers to the cluster AgnIn+mQp. The logarithmic term in the above 
equation now contains the mole fraction xn,m,p instead of the (molar) concentration. We 
neglect deviations from ideal behaviour of the clusters, although the concentrations of 
species in solution are not small. In the excess solid, the clusters are surrounded by 
electrolyte solution and PEI or DMF rather than being part of a lattice. This gives rise to an 
interfacial free energy term in the standard chemical potential of a cluster. We therefore write  
 
 
              (A3). 3/200 ,, )()( annpnmn
ins
Q
ins
Ipmn +++= −∞ µµµµ
 
 
This equation can be considered as the reversible work of building a (n,m,p) cluster involving 
four steps:  
 
(1) Formation of n pairs of bulk AgI – the first term on the rhs of eq.(3);.  
 
(2) Addition of m excess iodide molecules to the cluster – the second term;  
 
(3) Addition of p excess Q (PEI or DMF) molecules to the cluster, this contributes 
, with  the chemical potential of PEI (or DMF) as part of a cluster. )(np insQµ )(ninsQµ
  
(4) Surface term an2/3: this term takes into account the interactions of a (n,m,p) cluster  
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with the electrolyte (after being removed from the bulk excess solid). 
 
Combining the above equations leads to the size distribution of clusters of category (n,m,p) 
 
 
                       (A4). kTanm
n
II
pn
QQSpmn eecfecfc
ins
I
ins
Q /)()(1
,,
3/2
)()( −∆∆− −−−= µµν
 
In this equation, cn,m,p=xn,m,p/ Sν  is the (molar) concentration of the clusters of category 
(n,m,p), Sν  is the (molar) volume of the solvent (for water, ≈ 55.56 M). We have defined 
, being the difference in chemical potential between (a mole of) 
i=iodide, PEI or DMF in solution, and in a cluster. This term takes into account that upon 
formation of an (n,m,p) cluster, m iodide ions and p molecules of Q are  transferred from 
solution to the solid cluster. 
1−
Sν
0( ) ( ( )) /ins insi i in nµ µ µ− kT∆ =
In general, the cluster composition may depend on the size, but as no information regarding 
such dependence is available, we pragmatically write the size distribution as 
 
 
                                                            (A5), kTann bec
/3/2−=
 
 
where the ‘prefactor’ b depends on cluster composition, and therefore on the iodide and Q 
(PEI or DMF) concentration in solution. The dependence of b on n is a priori more 
complicated than in the system without PEI or DMF [1], but is still expected to be weak 
compared to the exponential dependence, i.e., the second term on the rhs of eq. (A5).  
 
 
 
APPENDIX 2: Data analysis  
 
 
The values of  in eq. A5 were obtained as described in the main text. The values of b 
cannot simply be extracted from the absorption spectrum, since the absolute optical 
absorption of the clusters is not precisely known. Absorption spectra of the samples were 
measured relative to samples without silver and PEI or DMF, but these samples still have a 
composition slightly different from that of the electrolyte in which the clusters are dispersed. 
In ref [1], the values of b were obtained from the solubilities of silver in the aqueous phase. 
However, for the systems with PEI, these solubilities could not be determined. Therefore, the 
values of b were extracted from the intercepts of plots of the lnA versus n
a
2/3, see eq.(5). The 
value of the molar extinction coefficient of the clusters was assumed the same as reported in 
[1]. For the systems with 10, 50 and 100mM PEI, the intercepts (ln(εlb)) are 3.2, 3.8 and 3.9. 
This leads to values of b= 2.5×10-4, 4.5×10-4 and 4.9×10-4, respectively.  
For the systems with dimethylformamide (DMF), the values of b were obtained from the 
solubilities of silver as determined from the masses of the (dry) excess phases. Assuming that 
all silver is dispersed in the form of clusters (i.e., the number of free silver ions is much 
smaller than the amount of silver in the clusters), the solubility of silver is given by 
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2 / 3 /
1 1
an kT
Ag n
n n
c nc b ne
∞ ∞ −
= =
= =∑ ∑ . In principle the values of b can now be extracted from this 
equation using the solubilities cAg as well as the values of ∑ that were calculated 
numerically. 
2 / 3 /
1
an kT
n
ne
∞ −
=
The concentrations of silver in the solutions are cAg=0.43M, 0.48M, 1.25M and 0.57M for 
the systems with 0.05, 0.3, 0.5 and 1.5M DMF, respectively. The values of are 
1.66, 2.13, 2.25 and 2.38 for the values of a  that correspond to 0.05, 0.3, 0.5 and 1.5M 
DMF. This leads to values of b= 0.26, 0.22, 0.56 and 0.24, respectively.  
2 / 3 /
1
an kT
n
ne
∞ −
=
∑
Comparing the values of the intercepts of plots of lnA versus n2/3 (see eq.(5)) being equal to 
ln(εlb), i.e., 3.93, 3.55, 3.69 and 4.02 for systems containing 0.05, 0.3, 0.5 and 1.5M DMF 
with those of b immediately gives an order of magnitude estimate of the molar extinction 
coefficient of the clusters. This value is 102-103 L/mole cm. This is a small value compared 
to the system without adsorbing species other than iodide [1], where it was found to be on the 
order of 105L/mole cm. Although we do not rule out that adsorbing species alter the 
extinction coefficient of the particles, we believe that the main cause for the apparent small 
value lies in the model. Either the value of b, or the cluster interfacial tension or both may 
depend on cluster size, while Lambert-Beer’s law is not expected to apply in the 
concentration range of clusters being roughly 102-103 times larger than in [1].  
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THERMODYNAMIC STABILITY OF CLUSTERS 
OF MOLYBDENUM OXIDE 
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We show that a single geometrical rule underlies the stability of ‘polyoxomolybdates’, the 
variety of clusters of molybdenum (VI) oxide in (acidified) aqueous solution that are found 
experimentally. We predict that upon increasing the proton- or total molybdenum oxide 
concentration, the average size of the clusters increases. We compare our predictions with 
ultra centrifugation experiments and with data in the literature. Finally, it is shown that the 
formation of metal oxide clusters is thermodynamically equivalent to the formation of 
surfactant micelles. 
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Chapter IV 
 
Introduction 
 
Metal oxides such as molybdenum, tungsten, vanadium, and aluminum oxide in acidified 
aqueous solutions spontaneously and reversibly form clusters that may contain up to 36 metal 
atoms. We limit ourselves to molybdenum oxides in this work, but the global behavior we 
predict is expected to apply to other metal oxides as well. Complexes reversibly form by 
consuming protons, which, following [1], can be written as the equilibrium 
 
 
                         pH+ + qMoO42- F [Hp-2r MoqO4q-r](2q-p)- + rH2O. 
 
In the above equilibrium, the cluster [Hp-2rMoqO4q-r](2q-p)- is characterized by the combination 
(p,q): the numbers of protons and molybdenum monomers that are required to form a cluster, 
respectively. The value of r quantifies how many protons stick in the cluster;  if no 
protonation occurs, it equals p/2. Most authors [2] agree that in the molybdenum (VI) oxide 
systems, clusters of sizes q=7 ((p,q)=(8,7), (9,7), (10,7), or (11,7), depending on the degree 
of protonation), 8 ((p,q)=(12,8) or (13,8)), and 36 (only (p,q)=64,36)) exist: these species are 
not only present as ions in solution, but they also form crystals. The structures of these 
clusters are schematically shown in Figure1. It can be seen in this figure that clusters mainly 
consists of octahedrally shaped monomers that are linked at their vertices. These links are 
(reversible) chemical bonds: the vertices linked in the clusters share an oxygen atom. 
However, besides octahedral coordination, the q=36 cluster also contains pentagonal-
bipyrimidal units where the central Mo ion is seven fold coordinated. Bonds form between 
two metal oxide monomers when two protons combine with an oxygen atom at a vertex to 
produce water; see the above reaction and eq.(1). 
Strong evidence for the existence of the species depicted in fig.1 has been obtained by 
comparing Raman or X-ray spectra of the solutions to those of the crystals. Other clusters, 
such as q=12 (with (p,q)= (14,12), (15,12), or (16,12)) and q=18 (with (p,q)=32,18)), are 
proposed, based on ‘residual differences’ in potentiometric data. These Keggin type 
structures are expected if other ions (than Mo) are incorporated in the cluster. In tungsten 
oxide, it has been shown that protons appear to play the role of the central ion, see, e.g., [1]. 
Combination of experimental results lead to many ‘reaction models’ in the literature [2]. 
These ‘reaction models’ predict what the concentrations of clusters (p,q) are as a function of 
pH and total metal oxide concentration. Predictions of the most successful ‘reaction model’ 
in terms of its ability to describe experimental data (model G* in [2]) are shown in  Figure 2.  
It can be seen in Figure 2 that at relatively low proton concentrations only monomers exist, 
but on increasing cH+, clusters with q=7 appear. These clusters disappear at the expense of 
even larger clusters when the proton concentration keeps increasing, and ultimately the 
largest polyoxomolybdate ion of q=36 is formed. Increasing the total Mo concentration at 
constant cH+ follows the same sequence. At very low molybdate concentrations and very high 
proton concentrations, however, small, protonated species such as (p,q) = (2,1) and (5,2) 
appear. Note that for the clusters containing 8 and 12 molybdenum atoms (i.e., q=8 and 
q=12), the “trend” that clusters become larger upon increasing proton concentration seems 
reversed. We will get back to this later. The many reaction models in the literature share the 
property that at relatively large molybdate concentrations (say > 0.01M), globally, larger 
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 clusters are encountered upon increasing proton concentration. The fractions of these clusters 
have maxima as a function of proton concentration.  
               In this work we seek to explain these properties by a global model, to be confirmed 
using equilibrium ultra centrifugation measurements. 
 
 
Empirical model for the stability of metal oxide clusters 
 
 
Multi chemical equilibrium 
The (reversible) clustering of molybdenum oxide can globally be written as the chemical 
equilibrium 
 
 
               pH+ + qMoO42- FMoqO4q-p/2 + p/2H2O               (1),  
 
where we neglect species that are protonated. These may in principle be included in our 
treatment. 
 
 
Figure 1. Experimentally observed molydenum oxide clusters, Mo7O24 (up left), Mo8O26 (up, 
right), and Mo36O108 (down, middle); from [2]. The clusters mainly consist of octahedrally 
shaped monomers in which the metal is located in the center of the octahedra. However, the 
Mo36 cluster also contains 7-fold coordinated units, see text. The vertices of the octahedra are 
oxygen atoms or (valance) electron pairs. Bonds between the monomers are localized at the 
vertices of the metal oxide monomers: shared vertices indicate bonds.   
 
Thermodynamic stability of clusters of molybdenum oxide 
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i
However, as stated in the introduction, at this stage we limit ourselves to understanding the 
global behavior of the system. Thermodynamic equilibrium implies that , where 
υ
0i i
i
ν µ =∑
i and µi are the stoichiometric coefficients and the chemical potentials of the components i, 
respectively. Writing, for i=H+, MoO42-, and MoqO4q-p/2 the chemical potential as 
 where 0 lni i kT cµ µ≈ + 0iµ is the standard chemical potential and ci the concentration of 
component i relative to the ‘standard concentration’ c0=1M we get 
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e              (2b). 
 
In these equations, K is the equilibrium constant. The subscripts 1 and q refer to monomers 
(MoO42-) and q-mers (MoqO4q-p/2) of molybdenum, respectively. k is Boltzmann’s constant, T 
the absolute temperature, ∆G0 is the (standard) molar Gibbs free energy change, and R is the 
gas constant.  
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Figure 2. Fraction of species (p,q) as a function of proton concentration according to one of 
the many reaction models as summarized in [2]: model G*. The identities of the species (p,q) 
(see text) are indicated in the figures.  The total molybdate concentration is 0.1M. 
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If K is known for all species of interest (p,q), then, by eq.(2a), the concentrations of q-mers 
(actually (p,q)-mers) can be calculated as a function of the total amount of Mo in the system 
(using mass conservation) and as a function of the H+ concentration.This is how Figure 2 was 
calculated.  
Here we aim to understand the occurrence of  q-mers on the basis of thermodynamic 
concepts (but at the expense of details). Note that we presume here that certain cluster sizes 
appear. The question that we address is: under what conditions are these presumed cluster 
sizes stable? This approach is different from the approach in [3], where the stable cluster 
sizes follow from a geometrical toy model. 
 
 
Interaction free energy per monomer is approximately constant for all clusters 
 
As mentioned in the Introduction, many different polyoxometalate species, or q-mers 
(characterized by the combination (p,q)), have been reported, and many different equilibrium 
constants have been proposed based on different sets of experiments. However, from the 
many sets of equilibrium constants that are reported in [2], it follows that all q-mers, to a 
good approximation, have the same free energy per monomer, i.e., 
 
                      
0
2
0 0 0 0
1 2 /( 1)exp
( 1)
p
q H O G q RTH
q p
e
q kT
µ µ µ µ+ ∆ − − + − =  − 
= constant             (3). 
 
This important observation points to a single (packing) principle, or rule. This is in fact the 
basic assumption of a recent geometrical toy model for the behavior of metal oxide clusters, 
see [3]. In Table 1, below, we list some values of the interaction free energy per monomer 
using the earlier mentioned set of equilibrium constants (i.e., model G* in [2]), but we stress 
that the many values of the equilibrium constants as reported in [2] all point to roughly the 
same value of the interaction free energy per monomer. Most convincingly, the values that 
correspond to the species whose existence has been proved (q=7, 8, 36) also point to this 
same global value of the interaction free energy per monomer.  
 
TABLE 1: Interaction free energies per Mo atom in several clusters of size q (extracted from 
the values of K in [2]) Only non-protonated species are listed.   
  
q Log K -  0 /( 1)G q RT∆ −
7* 52.92 22.7 
8* 72.59 24.7 
12 109.56 22.9 
18 185.13 25.1 
36* 346.5 22.8 
(*existence of these clusters has been proved) 
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It is clear from Table 1 that indeed, there is no systematic variation of the interaction free 
energy per monomer, providing proof of the basic assumption in [3]. It also implies that only 
a single geometrical rule underlies the stability of metal oxide clusters. This observation is 
even more interesting in the light of the fact that octahedral coordination of the Mo units in 
the clusters is not conserved. Note that the interaction free energy is pretty large: more than 
20 times the thermal energy. The constant value of the interaction free energy per monomer 
implies that the number of bonds per monomer in the clusters is constant. Motivated by this 
observation, we now define 
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so that eq. (2a) can be written as 
 
 
 qc
c
                                                                           (4). 1 1
q p
q H
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The total concentration of molybdate is given by q
q
c q= ∑ . Defining y=κc, yq=κcq, so that 
, we get 1
p
q H
y c y+= q
 
 
 
 y
q
                               (5). 1 1
p q
q H
q q
y qy y qc += = +∑ ∑
 
 
 
The last summation in this equation is over all clusters of size q>1, in this case q=7, 8, 12, 
18, and 36. The above equation only contains y1 as the unknown variable; the concentrations 
of all other species, , follow from y1
p
q H
y c y+= 1. We will show later that eq.(5) implies that a 
critical concentration of monomers exists, analogous to the critical micelle concentration in 
surfactant systems. 
 
 
 
Extracting p(q) from cluster composition. 
 
In the above analysis, p and q are dependent variables: p stands for the number of protons 
that are consumed in order to form a cluster of size q, see the introduction and eq. (1). We  
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will write p(q) from now on, to illustrate that the variables (p,q) are dependent . In Figure 3 
we plotted p(q) versus q for the only 3 non-protonated species whose existence has been 
proved: (p,q)= (8,7), (12,8), and (64,36). These numbers fall on a straight line given by  
 
 
                     p(q)=1.89q – 4.24                 (6).  
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Figure 3. Plot of p (q) versus q, where p is the number of protons and q is the number of 
monomers that are consumed upon formation of a cluster. We plotted the only 3 non-
protonated species whose existence has been proved (see description in the text). These 
numbers fall on a straight line given by p (q)=1.89q-4.24. Inset: Plot of no versus q (no is the 
number of oxygen atoms in a cluster) of all the polyoxomolybdate species that have ever been 
reported, extract p (q), and find, to a good approximation a linear relation given by p(q)= 
1.89q-2.73 (for further explanation see text).  
 
The function p(q) can also be extracted from the chemical compositions of the many non-
protonated clusters as proposed (but not proved) by many sources in [2]: from eq.(1) it 
follows that p(q) is given by the number of oxygen atoms in a cluster, nO via p=8q-2nO. In 
the inset in Figure 3 we plotted no versus q of all the polyoxomolybdate species that were 
listed in [2], extract p(q), and find, to a good approximation again a linear relation given by 
p(q)=1.89q-2.73. It turns out that this function leads to qualitatively similar behavior as 
eq.(6); see Figure 4. However, since eq.(6) is based on experimentally proved species, this is 
what we will use in our further calculations.  
 
 
Comparison with current models 
 
In Figure 4a we plotted the fraction of molybdate in clusters of size q, qcq/c, as a function of  
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cH+, for the same (total) molybdenum concentrations (0.1M) as in Figure 2. These curves 
were calculated by numerically solving eq. (5), and using eq. (6). In Figure 4b, as a 
comparison, we used p(q)=1.89q – 2.73 instead of eq.(6), as obtained from the inset of 
Figure 3, based on an extensive list of polyoxomolybdate species. The diffent functions of 
p(q) only lead to quantitative and no qualitative differences.  
As can be seen in Figure 4 (a and b), our model predicts that upon increasing the proton 
concentration, larger and larger species appear at the expence of smaller ones. Although this 
is globally in agreement with experiments, for q=8 and q=12 the trend is reversed compared 
to Figure 2: we predict that q=12 appears at higher cH+ than q=8, while according to the latest 
reaction model, it is the other way around. 
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Figure 4a. Fraction of species of size q (indicated in the figure) as a function of the proton 
concentration. These fractions qcq/c were calculated by numerically solving eq. (5) with a 
total concentration of monomers c=0.1M, 1/κ=5.43×10-11 and p(q)=1.89q-4.24 (eq.6) for non-
protonated species whose existence has been proved (see Figure 3). As can be seen for q=8 
and q=12 the trend is reversed compared to Figure 2  
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As mentioned in the introduction, however, the species q=12 and q=18 have never been 
observed directly. In particular, the proposal that q=12 exists is motivated by the tungsten 
oxide system; indeed strong evidence of tungsten oxide clusters containing 12 monomers has 
been presented, see [1]. More relevant, the number of protons that the q=12 molybdenum 
species consume upon formation out of monomers seems inconsistent with the proposed 
equilibrium constants. Let us motivate this statement. The proposed q=12 molybdenum 
species with values of p in between 14 and 16 (corresponding to Mo12O40(OH)210-, 
HMo12O40(OH)29-, H2Mo12O40(OH)28-) consume significantly less protons (p/2) upon 
formation compared to the other species: it can easily be verified that these values are in 
between 2.4 and 4.4 smaller than expected from the behavior of the species whose existence 
has been proved, given by eq.(6). 
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At the same time, its proposed equilibrium constants (shown for (15,12), but the ones for 
(14,12) and (16,12) are not much different) points to an average interaction free energy that 
is comparable to that of the other species. However, if less protons are consumed, less bonds 
will be formed and thus a smaller absolute value of the interaction free energy per monomer 
is expected. This is clearly not the case, as can be seen in Table 1. So, unless q=12 is 
stabilized by a mechanism that is completely different from that of the other species, we 
believe that the species (14,12), (15,12) and (16,12) do not exist, i.e., their equilibrium 
constants are much smaller than those reported in [2] (and shown in Table 1) so that they are 
not going to appear in appreciable amounts. 
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Figure 4b. As Figure 4a, but now  for p(q)=1.89q-2.73, following from an extensive list of 
polyoxomolybdate species that have ever been proposed, see Figure 3, Inset. 
 
We do not rule out that species with q=12 appear, but then the corresponding p value of the 
unprotonated species is predicted to be around p(q=12)≈1.89q-4.24≈18, as has impicitly been 
assumed in calculating Figure 4a.    
The same qualitative trend as in Figure 4 is observed if cH+ is kept constant, and the total 
molybdenum concentration is increased (not shown). As illustrated in Figure 4c, this 
behavior depends on the detailed form of the function p(q). In this figure, we used 
p(q)=1.89q, and clearly cluster fractions with q>1 continuously increase with proton 
concentration without reaching maxima. We systematically checked the influence of the 
function p(q) on the qualitative behavior of the cluster fractions as functions of proton- and 
total molybdenum concentration. 
We conclude that functions of the form p(q)=aq-b, with a,b>0, lead to qualitatively similar 
behavior as in Figure 4a and b. This illustrates that not only the interaction energies are 
important (these determine if ‘magic numbers’ such as q=7, 8, 12, … are to appear at all), but 
that also the stoichiometry of the equilibrium qualitatively influences the behavior of the 
systems.                                         
                 From Figure 4a and b, we conclude that our model globally captures the behavior 
of the molybdate system. However, there is an important detail concerning the appearance of  
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the species with q=8 and q=12: our model and the reaction model in [2] contradict. 
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Figure 4c. Fraction of species (p,q) as a function of proton concentration using p(q)=1.89q, a 
total concentration of monomers c=0.1M and 1/κ=7.5×10-11. It may seem that the species q>1 
reach a constant value while q=1 keeps decreasing, thereby violating mass conservation. In 
fact, all cluster concentrations q>1 keep increasing with cH+. 
 
 
In the next section we will use equilibrium ultracentrifugation measurements as an attempt to 
settle this issue, but also to independently study and check the evolution of average cluster 
sizes with proton concentration. 
 
 
Experimental: equilibrium ultracentrifugation (UC). 
 
Sample preparation 
 
Molybdenum (VI) oxide solutions were prepared at different pH’s (adjusted by HClO4 and 
NaOH) and at constant ionic strength of 3M [2] by adding NaClO4. The total molybdate 
concentration in solution was 0.1M.  
 
 
Determination and calculation of cluster buoyant masses 
 
The buoyant masses of the clusters were determined from the measured optical absorption  
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profiles (at several wavelengths) using analytical ultra centrifugation (Beckman XL-1). If 
clusters do not interact, each equilibrium concentration profile (in our case established after 
1-2 weeks) is an exponential function of its buoyant mass, i.e., 
 
 
       
2 2 2( )( ) ( ) exp
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kT
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c
                                                                                 (7) 
 
 
where c(r) is the concentration as a function of radial position r, ro is a reference radial 
position, mb is the buoyant mass of a single species, and ω is the rotational velocity. We 
expect that several different complexes are present, with sizes depending on the pH. 
Concentration profiles as eq.(7) in principle follow from the optical absorption profiles. 
Different clusters may absorb at different wavelengths; for this reason the optical absorption 
profiles at several different wavelengths were measured. These wavelengths were chosen on 
the basis of optical absorption spectra of the samples. 
                       The buoyant mass of a cluster follows from (1 / )b wm m ρ ρ= − , with m and ρc 
the mass and mass density of a cluster, and ρw the mass density of the aqueous solution. The 
mass density of the clusters were calculated from the atomic radii, assuming close packing of 
the atoms in a cluster. This leads to, e.g., ρc=7.2 g/cm3 for Mo36O1128-. In order to check this 
method of calculating mass densities, we compared the mass density as calculated above, to 
the one reported for the crystalline form of Mo36O112 (H2O)168-. The latter equals 2.77g/cm3 
[2] [4] (note that the large fraction of water in the clusters significantly reduces their mass 
density) while by our method, we find a value of  3.55g/cm3 for Mo36O112 (H2O)168-. This is 
an acceptable difference, in particular considering the fact that throughout the crystals of 
Mo36O112 (H2O)168-, atoms are not close-packed. Note that eventhough the error that we make 
in calculating ρc is significant, the error it causes in mb is still small as long as ρw /ρc<<1, 
being the case here. Thus we estimate the error we make in calculating the buoyant masses to 
be less than 10%. 
 
 
 
Experimental results     
   
It can immediately be seen in Figure 5a, where we plotted (logarithm of) the absorption 
profile, that clusters become larger, on average, upon decreasing the pH. At the smallest 
investigated pH value of 2, two linear parts of the profiles can be distinguished, as shown in 
Figure 5b. We believe that these two parts indicate the presence of two significantly different 
cluster sizes. The buoyant masses extracted from the absorption profiles slightly depend on 
the wavelength at which they were measured. In Table 2 we summarize the results. Table 2a 
contains the calculated values of  an extensive list of complexes at the pH’s where they are 
expected, based on  [2]. Table 2b lists the experimentally observed buoyant masses, at 
different pH’s and wavelengths. The values between brackets were extracted from profiles 
corresponding to (at least) two differently sized clusters, shown in detail in Figure 5b.  
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Table 2a: Proposed clusters and their calculated buoyant masses (mb) at several pH 
values 
 
pH 
 
 
(p,q) 
 
Complexes 
mb(×10-25)kg 
(calculated) 
6 (8,7) Mo7O246- 14.9 
6 (8,7) Mo7O20(OH)86- 16.6 
6 (9,7) HMo7O245- 15.0 
6 (14,12) Mo12O40(OH)210- 26.0 
4 (8,7) Mo7O246- 14.9 
4 (8,7) Mo7O20(OH)86- 16.6 
4 (9,7) HMo7O245- 15.0 
4 (10,7) H2Mo7O244- 15.0 
4 (12,8) Mo8O264- 16.8 
4 (15,12) HMo12O40(OH)29- 26.0 
4 (16,12) H2Mo12O40(OH)28- 26.0 
2 (10,7) H2Mo7O244- 15.0 
2 (12,8) Mo8O264- 16.9 
2 (11,7) H3Mo7O243- 15.0 
2 (13,8) HMo8O263- 16.9 
2 (32,18) Mo18O564- 37.5 
2 (32,18) Mo18O56 (H2O)10 4- 31.9 
2 (32,18) Mo18O54(OH)4(H2O)84- 33.8 
2 (64,36) Mo36O1128- 75.0 
2 (64,36) Mo36O112(H2O)168- 66.1 
1 (2,1)   
1 (5,2)   
1 (32,18) Mo18O564- 37.5 
1 (32,18) Mo18O56(H2O)104- 31.9 
1 (32,18) Mo18O54(OH)4(H2O)84- 33.8 
1 (64,36) Mo36O1128- 75.0 
1 (64,36) Mo36O112(H2O)168- 66.1 
 
 
 
Table 2b: Buoyant masses (mb) at different pH 
values, observed at different wavelengths λ 
 
pH 
mb(×10-25kg) 
(ultracentrifugation) 
 
 
λ (nm) 
6 15.0 345 
6 15.5 350 
6 17.0 360 
6 18.0 370 
4 19.3 360 
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4 19.4 365 
4 19.7 370 
4 20.4 380 
4 21.1 390 
2 42.2 365 
2 32.0 370 
2 39.2 375 
2 41.0 400 
2 (33.4) 365 
2 (32.9) 375 
2 (31.5) 400 
2 (50.6) 365 
2 (78.9) 400 
 
 
As far as we are aware, only the cluster with q=36 has been observed by UC measurements 
[4].  
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Figure 5a. Representative equilibrium optical absorption profiles of systems with different 
pH values and constant total molybdate concentration (0.1M Mo), in an ultra centrifuge 
(ω=104 rpm.), plotted as lnA versus r2 (see eq. (7) and the discussion in the experimental 
section). The buoyant masses, mb, of the clusters that follow from the slopes of the curves are 
mb=17.0µ10-25kg (pH=6; 360nm; ○),  mb=20.4×10-25kg (pH=4; 380nm; ◇) and mb=39.2×10-
25kg (pH=2; 375nm; S).  
 
Comparing the tables 2a and 2b verifies the presence of q=7 and q=8 at pH=6 and pH=4, as 
well as q=18 and q=36 at pH=2. The value of mb≈50×10-25kg, as extracted from the steepest 
part of absorption profiles (not the average) shown in Figure 5b does not correspond to any 
of the proposed clusters in Table 2a. 
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Figure 5b. As Figure 5a, but only for the system at pH =2, and observed at different 
wavelengths, indicated in the figure. The curves clearly consist of two linear parts. The 
buoyant masses, mb, of the particles that follow from the slopes of the curves are indicated in 
the figure. The curves are noisy due to very small absorption at the observed wavelength. 
However the buoyant masses calculated from the largest slopes indicate the presence of 
clusters with q=64; for more details see the experimental section.  
 
 
Probably this value does not correspond to a single species but arises because of the presence 
of both q=18 and q=36 clusters. Indeed, the profile at larger wavelength clearly points to 
q=18 and q=36 being present. It is expected that the largest cluster absorbs at larger 
wavelength than the smallest cluster, and therefore the profile at larger wavelength is more 
sensitive to q=36.  
The value of mb that we find that is the closest to a cluster with q=12, is 21×10-25kg at pH=4. 
However, this value is still closer to a cluster with q=8, see table 2a. There is no indication 
that the sedimentation profiles at pH=4 consist of two parts, as in Figure 5b. Therefore it is 
not plausible that the value of mb≈21×10-25kg is effectively an average between clusters of 
different sizes, although it cannot be ruled out at this point. From the data presented here, we 
are lead to believe that q=12 does not show up in detectable concentrations in the samples 
that we studied. However, q=18 has, to our knowledge, never been observed before; it has 
been proposed by symmetry considerations [2]. We find strong indications that this cluster 
with q=18 is indeed stable at pH=2. It clearly follows from Table 2b that clusters become 
larger on average upon decreasing the pH, as predicted. 
 
 
 
Connection with micelle formation 
 
If cH+ is set to unity and if only a single species with q>1 is present, then eq.(5) reduces to   
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1the well-known equation by Debye [5] that describes micelle formation: . In that 
case, y
1
qy y qy= +
1 corresponds to surfactant monomers, and yq=y1q to micelles of size q; a typical value 
of q would be 80 in micelles [6]. Regarding the total surfactant concentration y as the 
variable, y1=y as long as y<1 and q>>1. In other words, as long as the total concentration of 
surfactants is small, only monomers appear. As soon as y becomes of order unity, however, 
the second term takes over: y1 becomes unity and almost constant while the concentration of 
monomers in the form of clusters, qyq=qy1q, increases linearly with y. At the crossover, from 
the definition y=κc and yq=κcq it is easy to see that the real concentration of monomers 
c1=1/κ. This well-known quantity is the critical micelle concentration.  
In the case of cluster formation in metal oxides, the situation is a little more complicated, but 
not fundamentally different from the situation described above. First of all, if cH+=1, the 
limiting concentration of cluster monomers is indeed y1≈1 or c1≈1/κ. This is shown in Figure 
6 where we plotted the monomer concentration y1 versus y. Since q is not very much larger 
than unity (the smallest value that we have is q=7), the crossover from y1=y to y1≈1 that we 
observe is not as sharp as it is for micelles where q>>1.  
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Figure 6. Concentration of free monomers y1, as a function of the total monomer 
concentration, y at several values of the proton concentration indicated in the figure. Curves 
are plots of the function (eq. (5)). The crossovers from yq
q
y q= ∑ y
1
1 rising linearly with y 
to almost constant values indicate cluster formation analogous to the formation of micelles in 
surfactant solutions (see explanation in the text).   
 
 
At other proton concentrations, the critical value of y above which clusters start forming 
depends upon the proton concentration and on the value of q corresponding to the cluster first 
formed, q’. We propose to term this value of y1 the ‘critical cluster concentration’. Indeed, 
the value of the critical cluster concentration follows from '  and is given by ( ')1
p q q
q H
y y c y+≈ =
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                                         (8a), 
 
or in terms of the real monomer concentration 
 
 
* 1 ( ') /( '
1
p q q
H
c cκ +− −= −       
                                   (8b), 
 
where the star indicates the value of the critical cluster concentration. It can be verified from 
Figure 6 that indeed, these values of y1* or c1* as a function of proton concentration are well 
described by eq. (8).  
 
 
 
Concluding remarks 
 
We have shown that the conditions under which clusters of molybdenum oxide are stable 
follow from two basic assumptions: (1) the average interaction free energy per monomer in a 
cluster is constant and independent of cluster size q and (2) the relation between the number 
of protons required to form a cluster of size q, p(q), is a function of q of the form p(q)=aq-b, 
with a,b>0. Using these considerations as input in a phenomenological model, we predict, 
among other things, that clusters of increasing size appear upon increasing the proton 
concentration. This is globally in agreement with experiments, but in current ‘reaction 
models’ [2] the situation for clusters containing 8 and 12 Mo atoms is reversed with respect 
to our predictions. Using ultra centrifugation measurements, we found no indications that 
clusters with 12 Mo atoms exist at all, which resolves the controversy. We do find 
indications for the presence of another species not seen before: clusters containing 18 Mo 
atoms. 
                Finally, we showed that globally, molybdenum (VI) oxide clusters behave as 
micelles. However, the ‘critical cluster concentration’ sensitively depends on proton 
concentration and is given by eq.(8). Our next goal is to generalize the concepts provided in 
this work to the beautiful, highly symmetrical clusters with reduced centers (Mo(V)) 
containing up to 176 monomers, or the ones found in the presence of acetate and sulfate ions 
that may contain as many as 132 and 368 monomers, respectively, see, e.g., [7], [8]. 
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SELF-ASSEMBLY OF MOLECULAR 
NECKLACES AND ROD LIKE VIRUSES 
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We map (pseudo)polyrotoxanes (cyclodextrine subunits reversibly adsorbed on polymer 
threads) and rod like viruses (protein subunits ordered around genetic material) onto a one-
dimensional lattice model. We assume that in the first mentioned species, the relevant energy 
scale is the interaction between monomers and threads. For viruses we take into account 
collective effects: the role of genetic material is to alter the interaction between protein 
subunits. By this construction, effectively only pairwise subunit interactions enter the 
description. The average cluster size of (pseudo)polyrotoxanes is predicted to vary smoothly 
with the interaction strength between subunits and threads, as well as with the ratio between 
the concentrations of threads and subunits. For viruses the situation is completely different: 
we find a sharp transition between monomeric species and (almost) fully assembled viruses 
upon varying the interaction between monomers. Moreover, large virus species remain stable 
even at large disparities between monomers and genetic material, although a significant 
increase in polydispersity of the virus occurs.    
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Chapter V 
 
Introduction 
 
 
Self-assembly of molecular or macromolecular species may in principle occur either directly 
(e.g., “living polymers” [1]) or by interference of a second, (bio)polymeric component on 
which a large number of smaller species adsorb. Examples of the latter are cyclodextrines 
adsorbing on PEG, referred to as (pseudo)polyrotoxanes or molecular necklaces (see 
Figure1a) or coat protein subunits assembling on RNA to form rod like viruses such as 
Tobacco Mosaic Virus (TMV) as depicted in Figure1b. We consider systems that share the 
property that they form reversibly, i.e., experimental conditions such as temperature, pH and  
ionic strength may be varied to stabilize the assembled or disassembled (“uncoated”) state. 
Almost half a century ago it was discovered that when TMV is separated into its RNA and 
protein components, it may, under the proper experimental conditions, spontaneously 
reassemble in vitro. The regenerated virus particles were moreover capable of infecting plant 
cells [2]. Rod like viruses not only infect plants; some of them can be quite deadly to humans 
and may cause rabies (rhabdoviruses) and ebola (filoviruses).  
                              
                      In this work we provide simple models for thread- and rod like assemblies. We 
address the questions as to why rod like viruses are so monodisperse, as shown by 
experiments [3], and how it is that they spontaneously (and reversibly) disassemble into coat 
protein subunit monomers and free RNA upon small changes in pH, ionic strength and 
temperature. To appreciate the issue of polydispersity in particular, we will first briefly 
review the situation for single-component living polymers, which are shown to be very 
polydisperse. Subsequently, we move to the situation where a second component is involved. 
It is shown that the presence of this second component may stabilize highly monodisperse 
particles, as observed experimentally. However, the detailed adsorption mechanism 
qualitatively influences the average size of the species as a function of interaction energy and 
as a function of the ratio of the components that make up the species. We investigate under 
what conditions viruses become polydisperse. A potentially important finding is that in the 
case of (rod like) viruses, a small excess of RNA relative to the subunit concentration (on the 
order of 1%) dramatically increases the polydispersity of the virus. Yet, large sizes are quite 
robust compared to the situation with molecular necklaces. This may have important 
biological consequences. 
 
 
 
 
One-dimensional aggregation of a single component: living polymers 
 
Surfactants sometimes form rod like aggregates referred to as living polymers [1]. However, 
other systems, such as taper-shaped crown ether derivates, may also form rod like 
assemblies, see [4]. In this paragraph we show that large rod like aggregates may be 
thermodynamically stable, but these will display a very broad size distribution (or large 
polydispersity). The analysis is straightforward, see [1]: imposing multi chemical equilibrium 
between clusters of all sizes q (details are given in the next section) leads to 
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In this equation, xq is the mole fraction and 0qµ  the standard chemical potential of a cluster of 
size q. x1 and 01µ  are the mole fraction and standard chemical potential of a monomer. V is 
the interaction free energy between monomers, where it has been assumed that this is the 
dominant energy scale in the problem. Further Vy e= and 1 Vz x e−= . To obtain the size 
distribution explicitly we need x1, which can be obtained by imposing mass conservation, i.e., 
the total monomer concentration is given by 
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= = = −∑ ∑                           (2.2). 
 
Solving eq.(2.2) for x1 leads to 
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Above the critical micelle concentration where xe-V>>1,  the size distribution eq.(2.1) with 
(2.3) leads to a polydisperse system of clusters with average size 
 
 
 11
1
ln
1
1
qq
qq
q
q
xqx
q z
z zx
∞∞
==
∞
=
 ∂   < >= = =∂ −
∑∑
∑
                         (2.3), 
 
and polydispersity 
 
 
 2 2 2 2(1 )
q zq q z
z z
σ ∂ < >=< > − < > = =∂ −                          (2.4). 
 
 
From eqs.(2.3) and (2.4) it follows then that the relative polydispersity  is given by 
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 z
q
σ =< >                              (2.5). 
 
Above the cmc of x1=eV, it can be inferred from eq.(2.5) and the definition of z that the 
relative polydispersity is always close to 1, independent of the interaction potential between 
monomers. The size distribution xq is continuously decreasing with q. The fraction of 
monomers in clusters of size q, qxq, is peaked but the distribution is very broad.  
 
 
 
General relations for self-assembly by adsorption onto a second component 
 
Monomers are denoted by A and assembled fragments, adsorbed on a large species P, by Aq, 
where q is the number of monomers in a fragment. We describe the systems depicted in 
fig.1a and 1b as adsorbed species on a one - dimensional lattice. 
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Figure1. a: Spontaneous assembly of cyclodextrines (the hollow molecules) around PEG 
(treads) [20];  b: schematic view of tobacco mosaic virus (TMV). 
 
 
 
 
Subunits interact with the lattice and with each other. Similar ideas have been used in biology 
[5], [6], in describing polymer – surfactant mixtures [7], [8], and in  macromolecular 
chemistry [9]. Figures 2a and 2b are our primitive models for systems as depicted in Figures 
1a and 1b, respectively. 
 
 
 
           a 
 
 
 
 
           b 
 
 
 
Figure2. One-dimensional model for the systems depicted in Figure 1. The PEG or RNA 
threats in Figure 1 (a,b) are modeled by a lattice where cyclodextines (Figure 2a) or coat 
protein subunits (Figure 2b) adsorb on. Occupied sites are colored grey. In case of viruses, 
configurations as in Figure 2a are neglected as these exceed the ground state energy, see text. 
 
 
 
In the analysis we will restrict ourselves to nearest neighbor interactions between subunits. 
That does not imply that contacts between more than two subunits (which obviously occurs;  
b 
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see Figure 1b) are neglected. Mapping multiple contacts onto nearest neighbor contacts is 
trivial if all contacts are assumed equivalent. This is indeed what we will do. We specifically 
involve the lattices in the multi chemical equilibrium by writing   
 
 qA + P F  Aq                             (3.1), 
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i
where P denotes the polymer (PEG for the system in Figure 1a and RNA for the system in 
Figure 1b) where the molecular species adsorb on. Thermodynamic equilibrium implies that 
, where υ0i i
i
ν µ =∑ i and µi are the stoichiometric coefficients and the chemical potentials of 
the components i, respectively. The chemical potentials are written as [10], 
where i may be monomer, q-mer or lattice P. Here, 
0 lni i kT xµ µ≈ +
0
iµ is the standard chemical potential and 
xi the mole fraction of component i. This leads to  
 
                                 (3.2a), ( )* (0 1( ) q qq px g q x x e µ−∆= )
PMV
with 
                       (3.2b). 0 0 01( ) ( ) / ( 1)q p MMq q kT q V qµ µ µ µ∆ = − − ≈ − +
 
In these equations, xq is the mole fraction of species of size q. The species x1* are monomers 
that are not adsorbed on a lattice (the asterisk is to distinguish it from a single monomer 
adsorbed on a lattice). The subscript p0 indicates polymers without adsorbed monomers. The 
quantity g(q) is the degeneracy of a species of size q: it quantifies in how many ways such a 
species (or more accurately: a species with a potential energy of (q-1)VMM+qVPM) can be 
realized. VMM is the interaction free energy between two neighboring monomers on a lattice, 
and VPM the interaction free energy between a monomer and a lattice. The last (almost) 
equality in eq.(3.2b) is valid if the total interaction free energy per monomer is at least 
several times the thermal energy, kT. In that case the free energy change due to interactions 
dominates the total free energy change upon forming a  cluster. The concentrations of all q-
mers are calculated by mass conservation, i.e., the total molefraction of monomers, x, and 
polymer  lattices, xp, are given by 
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                             (3.5), ( )*1 e MM PM
V Vz x − +=
and 
 
 MMVy e=                              (3.6). 
 
In these equations qmax is the maximum number of monomers that can be adsorbed on a 
polymer lattice. Combining the above equations leads to a relation with a single unknown 
quantity, x1*: 
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Thus the concentration of all species can now be calculated, using eq.(3.2), by solving 
eq.(3.7) for x1*. The value of xp0 then follows from eq. (3.4). But we still need an expression 
for the function g(q), which depends on the adsorption mechanism. Before proceeding let us 
define the characteristic function 
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being similar to the grand potential. The value of qmin may be 0 or 1, depending on the 
adsorption mechanism and whether or not one wishes to include the ‘bare’ polymer in the 
properties to be calculated. From this function the average size , <q>, as well as the 
polydispersity, σ, of the clusters of size q≥qmin can be calculated by 
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and  
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Adsorption energy dominant: molecular necklaces 
 
In this case it is assumed that interactions between monomers are weak compared to the  
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interaction between monomers and the species where they adsorb on, so we set VMM=0. This 
situation is expected to apply to the kind of systems depicted in Figure 1a. In these systems, 
α-cyclodextrine (CD) monomers get threaded around polyethylene glycol (PEG) [11], 
forming “molecular necklaces”. It is believed that the driving force for this process are the 
relatively strong hydrophobic interactions between CD caveties and hydrophobic moieties on 
the PEG molecules. It has been shown that the length of two (CH2OCH2) groups perfectly 
fits a single CD molecule [12]. This implies that a 1D lattice is a natural model for these kind 
of systems. The model is shown in Figure 2a. The only energy scale is the adsorption energy. 
In that case we have [13] 
 
 
 maxmax
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!( )!
qqg q
qq q q
 = =  −     (Langmuir adsorption)                       (4.1) 
 
Including the bare polymers where no monomers are adsorbed on, we have 
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The monomer concentrations, and thus the value of z, follow from the equivalent of eq.(3.7) 
for Langmuir adsorption 
 
 max*1 (1 )
pzx qx x
z
− = +                             (4.3). 
 
Solving this equation for x1* leads to 
 
   ( )* 21 max1 1 4 (1 )2 PM PM PM PM PMPM V V V V Vp pVx xe x q e xe xe x q ee − − − − −−= − − + + − + max                      (4.4) 
 
 
It is easily verified that with the above choice of qmin, the Langmuir adsorption isotherm is 
recovered: 
 
 
max 1
q z
q z
θ < >= = +                             (4.5), 
 
but contrary to the “classical” case of ideal gas adsorption on a solid, where z is a simple 
function of the ideal gas pressure [13], the value of *1 PM
Vz x e−= now follows from eq.(4.4). If 
xe-Vpm>>1 and x/xpqmax of order unity, then it follows from eq.(4.4) that *1 PM
Vx xe≈ , 
implying that, under these conditions, PMVz xe−≈ . The relative polydispersity is given by,  
 
see eq.(3.10), 
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max
1
q q z
σ =< >                             (4.6). 
 
If free polymer is not included in the analysis (which is what we will do in the next section), 
that is, if we put qmin=1, we get, instead of eq.(4.6), 
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q q z z
σ  += −< > +  −   (qmin=1)                       (4.7). 
 
 
At large values of qmax and z>1, eq.(4.7) reduces to eq.(4.6): in that case large sizes dominate 
the size distribution (cf Figure 4). 
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Figure 3. Size distributions qxq/x versus q at several values of the adsorption energy VPM for 
Langmuir adsorption with xp=x/qmax, x=5.4×10-6 (comparable to the x=3×10-6 as used in [14] 
qmax=50. 
 
 
In Figure 3 we show size distributions at several values of VPM  In this (and subsequent) 
figure we have set x=5.4×10-6, xp=x/qmax, and qmax=50. This value of qmax corresponds 
(roughly) to the experimental situation in ref. [14]. The value of xp is chosen in such a way 
that the ratio between the total number of sites and total number of monomers is unity. This 
is also the case in ref [14]. Larger values of qmax show qualitatively similar behavior as in 
Figure 3 (not shown); the peaks only become sharper if plotted as qxq versus q/qmax. Clearly, 
the average cluster size smoothly increases upon increasing adsorption energy, –VPM. Note 
that at relatively large adsorption energies the cluster size distribution is very sharply peaked  
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at qmax. It is questionable whether such large energies can be reached in the kind of systems 
shown in Figure 1a (we will estimate the value for VPM shortly), but if it can (large 
hydrophobic interaction area) we predict that very monodisperse systems may be obtained. 
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Figure 4. Average coverage θ=<q>/qmax, relative polydispersities σ/<q> according to eqs. 
(4.6) and (4.7) (as a comparison), and value of z for the same conditions as in Figure 3. 
 
 
Polydispersities, the value of z, and the average size are shown in Figure 4. However, if 
xp>x/qmax , the situation changes dramatically.  
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Figure 5. Size distribution at several ratios between xp and x (indicated in the Figure) and 
constant VPM=-25. Note that a very small disparity between the number of sites and the 
number of subunits already leads to a significant shift in the size distribution. 
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As can be seen in Figure 5, the average cluster size gradually shifts to smaller values upon 
increasing the value of xp (or the ratio between the number of adsorption sites and the 
number of monomers). Even for xp=1.1x/qmax there are virtually no large clusters present; the 
most probable cluster size being q=46 instead of q=50 for the situation with xp=x/qmax. 
Apparently the system also becomes rather polydisperse. This makes the size distribution 
quite sensitive to the polymer-monomer ratio. The physical reason is that distributing 
monomers over many polymers is entropically favorable -  there is no energy penalty 
associated with that. This is not the case in the situation described in the next paragraph. 
 
Assuming that indeed hydrophobic interactions drive the assembly, we have, if the separation 
between hydrophobic material is of molecular length, VPM≈-2γa [1]. In this equation, γ 
denotes the interfacial tension between hydrophobic material and aqueous phase, and a is the 
contact area. The contact area can be estimated from the dimension of a cyclodextrine 
molecule. Assuming a radius of twice a typical carbon-carbon bond distance (of 0.15nm) and 
a length of 0.7 nm [14], we estimate a≈1.3nm2. Now in ref. [14] it is observed that Θ ≈ 0.5-
0.6. Such a coverage corresponds to VPM≈ -(13-14)kT, as interpolated from the results in 
Figure 3. This, in turn, implies that the interfacial tension γ≈20-22 mN/m. This value is 
roughly half of that of a typical oil-water (e.g., octane-water) interfacial tension, and four 
times that of the typical tension between coat protein subunits of viruses and aqueous phase, 
see the next section and [15]. If the CD units in ref. [14] can be made larger, so that the 
contact area increases (e.g., by sticking two CD units together), then, in principle, large (of 
size qmax) and very monodisperse assemblies can be created.  
 
As far as we are aware, hydrophobic interaction is the only kind of attraction that increases 
upon increasing temperature. This is because, for entropic reasons, the interfacial tension, γ, 
increases with temperature. The temperature dependence can generally be written as  
 
 
0
0 0 0( ) ( ) ( ) ... ( ) ( )( )
T T
T T T T T s T T T
T
γγ γ γ
=
∂ = + × − + ≈ − − ∂  0 0                         (4.8) 
 
 
for absolute temperatures T that are not too far removed from T0, i.e., for 00 TTT <<− . The 
quantity 
00
( ) ( / )Ts T Tγ≡ − ∂ ∂  is the (bare) surface excess entropy of the hydrophobic surface 
in contact with water at the temperature T = T0. It turns out that the quantity s is less than 
zero for a range of hydrophobic interfaces over a fairly large temperature domain [16], 
implying that the hydrophobic attraction should indeed increase with increasing temperature, 
as expected. However, in the system studies here the temperature effect is expected to be 
quite small, in view of the typical value of s(T0) being roughly –0.03 mN/mK [16]. This 
leads to a temperature coefficient α, defined by  V V 0( ) (PM PM T T 0 )Tα≈ + − of roughly -0.02 
kT/K. Therefore, a temperature increase of 10K will decrease VPM by approximately 0.2 kT, 
which is going to increase the equilibrium surface fraction of only a few percent at most. 
Note that a larger contact area will linearly amplify the effect of temperature on the 
interaction potential. 
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Monomer interactions dominant: viruses. 
 
 
In this situation, see Figure 1b and 2b,  we put VPM=0. This does not imply that polymers (in 
the TMV case: RNA) play no role. In fact, this construction takes into account collective 
effects in a most simple way. It is assumed that monomers do not aggregate in the absence of 
RNA; the only way to form clusters is by adsorption. This implies that the presence of RNA 
influences the interaction (potential) between the coat protein subunit monomers. This might 
be accomplished by the RNA influencing the secondary protein structure, or by neutralizing 
charges on the subunits – for discussions of this last possibility see also [15]. 
 
We assume that the systems only occupy their ground states in terms of interaction energy, 
i.e., subunits only fill neighboring occupied sites as depicted in Figure 2b. Subunit 
configurations as in Figure 2a are neglected. This assumption is probably reasonable if the 
interaction free energy between subunits is at least several kT. With this assumption the 
degeneracy is 
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With this function the value of the monomer concentration follows from eq.(3.7) 
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The average coverage and polydispersity now follow from eqs.(3.9) and (3.10) and are given 
by (using qmin=1) 
 
 
            max 1 2
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Eq.(5.2) with (5.3) was solved numerically, and the average size and polydispersity 
calculated by eqs. (5.4) and (5.5). 
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Figure 6. Size distributions at several values of VMM (indicated in the Figure) with fixed 
xp=x/qmax, total monomer concentration x=5.4x10-6, and qmax=2130. The fraction qmaxxqmax/x 
reaches 1 for VMM=-19. 
  
 
In Figure 6 the size distributions are shown for qmax=2130 being the number of monomers in 
TMV, x=5.4×10-6, corresponding to (to our knowledge) the most detailed experiments on 
TMV, and xp=x/qmax. Similar to the Langmuir case (Figure 3), the distribution of clusters is 
sharply peaked at qmax for the largest values of monomer interaction energies, indicating that 
the occurrence of maximum sized clusters under these circumstances does not depend upon 
the detailed adsorption mechanism. Therefore monodisperse rod like viruses can be 
understood without invoking “magic numbers”, the number of monomers that correspond to 
a maximum number of contacts per monomer in a virus. The concept of magic numbers us an 
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essential ingredient for the stability of spherical viruses [17]. Figure 6 suggests that the 
average cluster size is a sensitive function of the interaction energy around VMM≈ -(12-13). 
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Figure 7. Relative polydispersity σ/<q>, average coverage θ=<q>/qmax, and value of z as a 
function of -VMM. Same conditions as in Figure 6. The (quite sharp) “transition” from small 
adsorbed numbers of monomers to large numbers is accompanied by a peak in the relative 
polydispersity. At the same time z goes through 1. 
 
 
Figure 7 confirms that: there is a very sharp transition (almost a jump) from small (order 1) 
to large (order qmax) clusters around this value of the interaction potential. This implies that, 
depending of the interaction energy, rod like viruses are either uncoated or (almost) fully 
assembled – a small change in the interaction energy may shift the virus from one state to the 
other. This behavior is qualitatively different from the behavior for systems where 
interactions between monomers and polymers are dominant, see Figures 3 and 4, where the 
average size of the clusters smoothly varies with -VPM. In this case, the small change in the 
interaction potential leading to a sharp shift in virus size may be accomplished by the proton 
concentration (regulating the charge density on the coat protein subunits of the virus), ionic 
strength (Debye length) or temperature (hydrophobic interactions). This behavior may have 
an important biological role; we will get back to that later, where we compare our findings 
with experiments. Also in Figure 7, we show the polydispersity and the value of z as a 
function of the interaction potential. Clearly the polydispersity (as defined using qmin=1) has 
a maximum around the crossover from relatively small to relatively large clusters. At the 
same time, the value of z goes through 1. This value indicates the crossover from converging 
sums in eqs. (3.7) and (5.2) to diverging ones. The behavior for z<1 is similar to the situation 
without adsorbing polymers, as described in section 2.  
In Figure 8 we plot the situation for several ratios between the total number of adsorption 
sites and monomers. Interestingly, although the peak becomes much broader with increasing 
excess amounts of adsorption sites, the most probable value of the cluster size remains close 
to qmax, even for the situation where xp=10x/qmax. 
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Figure 8. Size distribution at several ratios between xp and x (indicated in the Figure), 
constant VMM=-25, and the same conditions as in Figures 6-7.  
 
 
This is again very different from the langmuir situation (Figure 5), where the average size 
(actually the most probable value) gradually varies with –VPM. This may have profound 
physiological implications. Still, viruses are dramatically more polydisperse in the presence 
of even small (order percent) excess amounts of RNA. The question is whether such a 
significantly broader size distribution has consequences for the biological stability of viruses, 
or, if it does, whether viruses have a way to avoid it from happening. In living cells, the 
situation with excess amounts of viral RNA may quickly be balanced by the cell apparatus 
producing more subunits. Anyway, we believe that the prediction is interesting enough to be 
tested. In fact, adding inactive genetic material (e.g., with plenty of point mutations to avoid 
the production of new subunits) may be a way to avoid viruses restore the balance and to beat 
them. 
 
In ending this section, we address the question as to what the possible range of interaction 
energies is between coat monomer subunits for a typical rod like virus, and how it compares 
to the range of values where interesting behavior is expected (see Figures 6-8). We will 
follow the same route as in [15], that is, we write the interaction potential VMM as a sum of an 
attractive contribution due to hydrophobic interactions, and a repulsive contribution caused 
by screened Coulomb interactions, i.e., 
 
 
 2 12 8MM BV A AkTγ π σ λ κ −≈ − +                           (5.6). 
 
In this equation, γ is the interfacial tension between the protein subunits and the aqueous 
phase and A is the contact area. σ is the charge density on the surface of the protein subunits, 
λB the Bjerrum length (0.7 nm in aqueous media), and κ the inverse Debye length. The last 
quantity is related to the ionic strength of 1:1 electrolytes, cs, by 1 0.3/ scκ − ≈ . From the 
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geometry of the subunits of TMV (length 8 nm, thickness 2.3 nm, [3]), we estimate a total 
area of roughly 50nm2. The contact area, A, is expected to be a fraction of the total area; by 
lack of other options we heuristically set this area equal to half the total area so that 
A=25nm2. Now in Ref. [15], a value of γ ≈ 5.5 mN/m has been estimated for hepatitis B coat 
protein subunits. Assuming the same value for TMV subunits, we estimate the first term as 
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 2 67A kγ− ≈ −                             (5.7). 
 
This value competes with the second one in eq.(5.6) originating from electrostatic repulsion. 
We took the expression for (infinitely large) charged plates [1], with small separation, so that 
a factor exponential in the plate separation is of order unity. With λBκ-1≈ 1nm2 we have 
 
 
                            (5.8), 2 1 28 628BAkT kTπ σ λ κ σ− ≈
 
with σ in number of charges/nm2. From their amino acid sequence it follows that TMV coat 
protein subunits contain a total of 28 amino acids that may be charged (8 Asp, 6 Glu, 2 Lys, 
12 Arg) [18]. This provides an upper bound for σ as not all of these amino acids will be 
charged around neutral pH, and not all of them may be located in the vicinity of the contact 
area. With the upper bound we would have a repulsive energy of 394kT, while if all groups 
were uncharged we would have no electrostatic repulsion at all. Combining all of the above, 
the value of VMM should be in the range 
 
 
                                       (5.9), 67 ( / ) 327MMV kT− < <
 
which indeed includes the interesting range (see Figures (6-8)), but it is quite broad.  
Now at ionic strengths around 0.1M, a total subunit concentration of 0.3 mM,   a 
temperature of 298K, and pH>7.2-7.5, only monomers and small clusters are observed [3]. 
However, decreasing the pH down to (roughly) 6.5 leads to the formation of complete virus 
(via an intermediate disk phase). We address the question if such a change in pH driving the 
monomers into a complete virus is compatible with our model. For this purpose we first 
check how the charge density should vary in order to switch VMM in between, say, -10 and -
15 kT where –see Figure 7- the virus shifts from a fully uncoated to a fully assembled state. 
It follows from eqs.5.6-5.8 that in that case the charge density should decrease from 
0.301/nm2 (VMM=-10kT) down to 0.288/nm2 ((VMM=-15kT). This difference in charge 
density corresponds to significantly less than a single charged group on the estimated 25 nm2 
contact area of TMV subunits. We therefore conclude that (de)protonation of a single 
dissociable group on the coat protein subunits of TMV may drive the assembly. It has indeed 
been shown [19] that within the pH range of 6.5-7.2 almost one proton per subunit binds, 
being more than enough to vary the charge density in such a way as to drive the assembly of 
complete virus particles. In fact, this result indicates that, around neutral pH, the virus will be 
able to shift between its uncoated- and fully assembled state within a pH range on the order 
of 0.1 pH units or less. Within that pH range we also expect a sensitive temperature and ionic 
strength dependence. Using the values of the temperature dependence of the interfacial 
tension as discussed in previous section, we find for the temperature dependence of the 
interaction potential: V V 0( ) ( )MM MM T T T0α≈ + − , where in this case α=2As(T0)≈ -1.5kT/K.  
 This implies that an increase in temperature of 3-4K (at the right pH and ionic 
strength) may shift the virus from its uncoated to its fully assembled state. Finally, with a 
charge density of 0.301/nm2 and a temperature of 298K, it is easy to verify that increasing the 
ionic strength from cs ≈ 0.044M up to 0.053M decreases VMM from –10 down to –15kT will 
drive the system to a fully assembled state.    
 
 
 
 
Final remarks & conclusion 
 
 
In this work we considered relatively small species (cyclodextrines and virus coat protein 
subunits) that self-assemble onto relatively large ones (PEG and RNA). These systems 
embody two limiting situations: in the first system we assumed that interactions between CD 
and PEG is the dominant energy scale, while in the second situation we only considered 
interactions between subunit species. In the last case we implicitly took into account a 
collective effect: although we neglect direct interactions between subunits and RNA, we 
assumed that without the presence of the latter, coat protein subunits do not self-assemble. 
This is indeed what is observed experimentally, although it is not the complete story: without 
RNA, coat protein subunits may form two-layer disks and columns [3]. Considering these 
aggregates is beyond the scope of our present analysis, although they can in principle be 
included.  
 The two limiting cases we considered show qualitatively different behavior. We feel 
that the most interesting difference is the relative sensitivity of the average size of the 
aggregates to the ratio between small and large species. In the case of the molecular 
necklaces, the average size smoothly varies with this ratio. This is not the case for the rod 
like viruses: in these systems the fully assembled virus is surprisingly robust. As can be seen 
in Figure 8, even if the total number of adsorption sites exceeds the number of protein 
subunits by an order of magnitude, the most probable size of the virus still is very close to the 
size of the fully assembled one. It is interesting, however, that at the same time the width of 
the size distribution increases dramatically, even in the presence of a small excess of RNA. 
This also is obvious from Figure 8: note that in case of a unit ratio of sites to subunits, the 
fraction of complete virus approaches unity. 
 Finally, we showed that our model for TMV is consistent with experiments: it 
explains that relatively small changes in pH, ionic strength and temperature are sufficient to 
drive the system from its uncoated state to fully assembled viruses. A more quantitative 
comparison, including other aggregation states besides helices, as mentioned above, is 
currently in progress. 
 
 
 
Self-assembly of molecular necklaces and rod like viruses
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 Summary 
 
 
 
 
This thesis focuses on issues concerning the reversible self-assembly systems on nanometer 
length scales. All those systems are examples of thermodynamically stable dispersions. 
Throughout the thesis we observe simple salt without (chapter II) and in the presence of high 
and low molecular weight additives (chapter III), the clusters of molybdenum oxide (chapter 
IV) and the rodlike viruses (chapter V). The first chapter contains general introduction.  
 
                    The second chapter of this thesis describes thermodynamically stable clusters of 
silver iodide observed in aqueous electrolyte solutions. At the beginning of the chapter we 
show that a clear red shift in the optical absorption spectra occurs due to the appearance of 
other clusters. The quantum mechanical concept “particle in a box” as well as 
ultracentrifugation (UC) measurements was used to extract the size distribution of the 
clusters. From the size distribution of the clusters was found that addition of iodide reduces 
the interfacial tension. We demonstrate that the clusters are in thermodynamic equilibrium. A 
cryoelectron microscopy picture confirms that clusters on the order of nanometer in size 
exist.  
                    The third chapter of this thesis focuses on the silver iodide clusters in the 
presence of high and low molecular weight additives. The same analysis as described in 
chapter II was employed for this system. We found that upon increasing the concentration of 
additives a red shift occurs (compared to the systems without additives), due to the mixed 
adsorption with iodide ions at the AgI-electrolyte interface. Clusters containing twice as 
many silver iodide pairs as in the system without additives were observed.  The more 
strongly adsorbing additives give rise to ultra low interfacial tensions of the AgI-electrolyte 
interface.   
                     The fourth chapter of this thesis deals with the thermodynamically stable 
clusters of molybdenum oxide, which in acidified aqueous solutions spontaneously and 
reversibly form clusters that may contain up to 36 metal atoms. We show that clusters of 
increasing size appear upon increasing the proton concentration. Constant and independent of 
cluster size the interaction free energy per monomer and the relation between the number of 
protons required to form a cluster are the conditions under which clusters of molybdenum 
oxide are stable. We also pointed out that globally molybdenum (VI) oxide clusters behave 
as micelles.  
                     The fifth chapter of this thesis observes (pseudo)polyrotoxanes and rodlike 
viruses as self-assembly of molecular or macromoloecular species that may in principle occur 
either directly or by interference of a second (bio)polymeric component on which a large 
number of smaller species adsorb. We found that the average cluster size of 
(pseudo)polyrotoxanes is predicted to vary smoothly with the interaction strength between 
subunits and threads as well as with the ratio between the concentrations of threads and 
subunits. For viruses, we find a sharp transition between monomeric species and (almost) 
fully assembled viruses upon varying the interaction between monomers. Throughout 
analysis we demonstrate that the large virus species remain stable even at large disparities 
between monomers and genetic material, although a significant increase in polydispersity of 
the virus occurs.  
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Osnovni sadrxaj ove teze bavi se reverzibilnom agregacijom ;estica posmatranoj na 
nanometarskoj skali, po;ev od najednostavnijih sistema, jednostavnih soli bez i u prisustvu 
aditiva visoke i niske molekulske mase (deo II i III), preko klastera molybdenum oksida (deo 
IV) do [tapi;astih virusa (deo V) kao daleko sloxenijih sistema. Svi ovi sistemi su primeri 
termodinami;ki stabilnih sistema.  
 
         Liofobni rastvori su koloidne disperzije nerastvornih supstanci u te;nim 
sredinama, obi;no u vodenim rastvorima. Tipi;an primer je srebro jodid (AgI). Pod 
pojedinim uslovima liofobni solovi mogu da izgledaju stabilni na duxi vremenski period, ali 
oni nikad nisu stabilni u termodinami;kom smislu. Velika me]upovr[ina u ovim sistemima 
predstavlja veliku koli;inu slobodne energije koja samo koagulacijom ;estica dostixe svoju 
minimalnu vrednost. Kriterijum stabilnosti ovakvih koloidnih rastvora, zavisi od odbojnih i 
privla;nih sila izmedju ;estica (DLVO teorija). Me]utim problem postojanja stabilnih ;estica 
srebro jodida moze biti sagledan sa drugog stanovi[ta. U inorganskom svetu dobro je poznato 
da srebro jodid ima vrlo nisku rastvorljivost u vodi, ali  da se rastvorljivost pove'ava ako je u 
rastvoru prisutan vi[ak srebrnih ili jodidnih jona. Ovo pove'anje rastvorljivosti je posledica 
stvaranja kompleksa u rastvoru. Medjutim kompleksi koji sadrxe vise od jednog atoma srebra 
(bez obzira na broj jodidnih atoma u rastvoru) prime'eni su samo u nevodenim rastvorima. 
Naravno ovakvi kompleksi sa vi[e jodidnih jona nego srebrnih odnose se na rastvore u 
kojima je jodid u vi[ku i koji su i tema jednog dela ove teze. Medjutim veli;ina ovih malih 
kompleksa nije dovoljna da bi se mogla  uporediti sa nano-metarskom skalom. Znatno ve'i 
kompleksi koji mogu da dosegnu nano metarsku veli;inu trebalo bi da sadrxe mnogo ve'i 
broj atoma i sasvim sigurno ne samo jedan atom srebra. Medjutim ve'i kompleksi nadjeni su 
samo u nevodenim rastvorima.  
      Sa druge strane, mikroemulzije su termodinami;ki stabilni sistemi, veli;ine 
;estica izmedju 5 i 50nm. Povr[inski molekuli u ovim sistemima, nalaze se na me]upovr[ini 
voda-ulje, i smanjuju me]upovr[insku slobodnu energiju, ;iji je rezultat opti;ki ;ista i 
stabilna mikroemulzija. Isti princip stabilnosti mikroemulzija trebao bi da vaxi i za 
neorganske sisteme, konkretno u na[em primeru za srebro-jodid. Dodatak jodida moxe da 
dovede do smanjenja me]upovr[inske energije, adsorpcijom jodida u vi[ku na me]upovr[ini 
srebro jodid-voda. Sasvim je za o;ekivati da dodatak povr[inskih molekula koji adsorbuju 
ja;e od jodidnih jona, mogu da dovedu do jo[ ve'eg smanjenja me]upovr[inske slobodne 
energije. Srebro jodidni klasteri bez i u prisustvu aditiva, kao i njihova stabilnost tema su 
drugog i tre'eg dela ove teze. 
Mikroemulzije nisu medjutim jedini primeri termodinami;ki stabilnih sistema. Postoje 
takodje i drugi primeri disperzija velikih klastera ili nano ;estica u rastvara;u, kao sto su 
klasteri molibdenum oksida i virusi. 
Metalni oksidi, kao sto je molibdenum, tungsten, vanadijum i aluminijum oksid u kiselim 
vodenim rastvorima spontano i reverzibilno formiraju klastere. Povezivanjem metalo 
oksidnih strukturnih jedinica, mogu se stvarati razli;ite strukture klastera. Protonacija je 
uslov za povezivanje strukturnih jedinica, a veli;ina klastera zavisi od  pH sredine. Sa druge 
strane virusi su sagra]eni od proteina kao osnovnih strukturnih jedinica i DNK. Izolovane 
proteinske jedinice mogu i same da variraju u veli;ini i da formiraju razli;ite structure. 
Formiranje ovakvih struktura, posledica je jakih hidrofobnih interakcija, iako je dominantna  
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promenjiva koja kontroli[e prirodu i strukturu ovakvih agregata pH sredine, dok jonska 
ja;ina rastvora, uzrokuje samo neznatne modifikacije u strukturi. Jo[ jedan primer sloxenije 
structure su “molekulske ogrlice”. Pojedini [uplji molekuli, mogu da formiraju molekulske 
ogrlice, stvaraju'i navojnicu oko polimera. Svi ovi sistemi se odlikuju reverzibilno['u i 
termodinami;kom stabilno['u, i tema su ;etvrtog i petog dela ove teze. 
               Drugi deo ove teze bavi se termodinami;ki stabilnim klasterima srebro jodida 
(AgI), posmatranim u vodenim rastvorima elektrolita. Na po;etku ovog dela pokazano je da 
pomak ka ve'im talasnim duxinama u absorpcionom spektru, kad se koli;ina srebra u sistemu 
pove'ava je posledica stvaranja ve'ih klastera a ne samo umnoxavanje postoje'ih. Kvantno 
mehani;ki koncept “;estica u boksu” kao i rezultati merenja na analiti;koj ultracentrifugi 
(UC), kori['eni su za dobijanje raspodele veli;ine ;estica (klastera). Izvode'i temperaturski 
ciklus na rastvorima (putem pove'anja i smanjenja temperature) i dodaju'i komponente 
rastvora u razli;itom redosledu, pokazano je da su klasteri u termodinami;koj ravnotexi. Iz 
raspodele veli;ine ;estica (klastera) pokazano je da dodatak jodida dovodi do smanjenja 
me]upovr[inskog napona (sli;no gore pomenutim mikroemulzijama). Slike ;estica dobijene 
na niskotemperaturskom elektronskom mikroskopu, potvrdile su da postoje klasteri 
nanometarske veli;ine.  
   Tre'i deo teze bavi se termodinami;ki stabilnim ;esticama srebro jodida (AgI) u 
prisustvu aditiva niske i visoke molekulske mase, polietilen imina i di-metil formamida. Ista 
analiza kao u prethodnom sistemu bez aditiva je primenjena i na ovaj sistem. Na]eno je da sa 
pove'anjem koncentracije aditiva, pomak ka vecim talasnim duxinama u absorpcionom 
spektru je jo[ vi[e izraxen (porede'i sa sistemom bez aditiva), kao posledica zajedni;ke 
adsorpcije aditiva sa jodidnim jonima na me]upovr[ini srebro jodid (AgI)- elektrolit. Na]eni 
su klasteri koji sadrxe do 20 srebro-jodidnih (AgI) parova (do ;etrdeset atoma), [to je duplo 
vi[e nego u sistemima bez aditiva. Ja;e adsorbuju'i aditivi dovode do jo[ ve'eg smanjenja 
me]upovr[inskog napona  na me]upovr[ini srebro jodid (AgI)-elektrolit.  
            :etvrti deo teze bavi se termodinami;ki stabilnim klasterima molibdenum (VI) 
oksida, koji u kiselim vodenim rastvorima, spontano i reverzibilno stvara klastere koji mogu 
da sadrxe do 36 atoma metala. Sa pove'anjem koncentracije protona, pove'ava se i veli;ina 
klastera. Konstantna i nezavisna od veli;ine ;estica, slobodna energija interakcije po 
monomeru, kao i relacija izmedju broja protona neophodnih za formiranje klastera, 
predstavljaju uslove pod kojima su klasteri molibdenum (VI) oksida stabilni. Tako]e je 
nagla[eno da se  klasteri molibdenum (VI) oksida mogu pona[ati kao micele (povr[inski 
molekuli koji stvaraju kompleksne strukture u vodi).  
                  Poslednji deo ove teze bavi se (pseudo)polirotoksanama i [tapi;astim virusima 
kao samoformiranim molekulskim ili makromolekulskim ;esticama, koje u principu nastaju 
ili direktno ili interferencom neke druge (bio)polimerne komponente (osnove), na koju mogu 
da se adsorbuju manje ;estice. Prose;na veli;ina klastera (pseudo)polirotoksana menja se sa 
snagom interakcije izme]u subjedinica i osnove (DNK kod virusa) kao i sa odnosom izme]u 
koncentracija osnove i subjedinica. Za viruse je na]en o[tar prelaz izmedju monomernih 
;estica i skoro potpuno oformljenih virusa, sa promenom interakcije izmedju monomera. 
Kroz analizu pokazano je da velike vrste virusa ostaju stabilne, ;ak i pri velikoj razli;itosti 
izmedju monomera i genetskog materijala iako je primetno zna;ajno pove'anje u 
polidisperziji virusa.   
 
Termodinami;ka stabilnost i reverzibilno spontano formiranje ;estica, su zajedni;ke 
karakteristike svih sistema prou;avanih u ovoj tezi. Pokazano je da termodinami;ki stabilni  
klasteri srebro jodida zaista postoje u vodenim rastvorima, i da se stabilnost klastera moxe 
povezati sa stabilno['u mikroemulzija, u smislu da je smanjenje me]upovr[inskog napona 
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prouzrokovano adsorpcijom molekulskih vrsta na me]upovr[ini. Suprotno od mikroemulzija 
distribucija veli;ine ;estica kontinuirano opada. Sa druge strane, za klastere molibdenum 
oksida geometrija i oblik oksidnih blokova odre]uje kakva ce struktura biti formirana. 
Razli;ite strukture postaju i nestaju sa pove'anjem i smanjenjem  koncentracije protona, 
jonske snage i temperature. U slu;aju molibdenum oksida mali klasteri nestaju na ra;un 
velikih sa pove'anjem pH rastvora, dok u slu;aju virusa i polirotoksana male ;estice 
spontano formiraju sloxenije strukture. Virusi i polirotaksane su sloxenije strukture u smislu 
da adsorpcija zajedno sa geometrijom strukturnih blokova igra ulogu u izgradnji ovih 
struktura. Oblici molekula i prirode sila,  ;ine ove structure kompaktnom.  
Spontano i reverzibilno formiranje ;estica je vaxno kako sa nau;nog tako i sa tehnolo[kog 
stanovi[ta i skoro da nema nau;ne oblasti ili discipline u kojoj ovaj proces neigra vaxnu 
ulogu. Me]utim, bez obzira na ogroman broj primena kao i primera svuda oko nas od 
molekulskih kristala do sisara, osnovni principi koji upravljaju ovim procesima jo[ uvek nisu 
poznati. Jednostavno, mi jo[ uvek neznamo kako da realizujemo ove procese. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 97
 Acknowledgements 
 
 
 
I would like to express my deep and truthful gratitude to many people from and outside the 
Van’t Hoff Laboratory, who made possible the successful outcome of this research work. 
 
          First and foremost, I gratefully acknowledge and I would like to thank my co-
promotor Dr. Willem K. Kegel for giving me the opportunity to carry out my PhD on this 
exiting topic. I sincerely thank for the many hours of useful discussions, for the patience and 
strength shown for all this years, for the creative and enjoyable atmosphere, for the given 
freedom and faith in my research, and above all for unfailing enthusiasm in my work, that 
would never be so successful without his support. Thank you so much for all your help! 
          I would also like to thank my promotor Prof. Dr. Albert Philips for giving me 
opportunity to carry out my study in this group. I would like to thank for his support and help 
in my work, for magnificent dinner for his PhD students, which he organized when I started 
my PhD study and above all for his present in the name of all Van’t Hoff members at my 
wedding day. I will always remember that. Thank you. 
          I also gratefully acknowledge my colleagues from the Van’t Hoff Laboratory 
for their support and help and for making the four years I spent here so enjoyable and 
productive. I would like to thank my roommates Nikoleta Simeonova and Maria Claesson for 
their pleasant company and good friendship, they were always there for me, Carel van der 
Werf and Bonny Kuipers for the technical support, Dominique Thies-Weesie for helping me 
with Analytical Ultracentrifuge and all other people for their help and support, Henk 
Lekkerkerker, Judit Wijnhoven, Mircea Rasa, Gert-Jan Vroege, David van der Beek, Stefano 
Sacanna, Rik Wensink, Marina uit de Bulten, Mieke Lanen, Ben Erne, Dirk Aarts, Roel 
Dullens, Martijn Oversteegen, Chantal Vonk, Andrei Petoukhov. Thank you all. 
          I would also like to thank some people, ex Van’t Hoff members who helped me 
in the beginning to enjoy my work and the Dutch society, Haran for many useful discussions 
and true support in my work, Jan Groenewold for many suggestions and discussions, who 
was always available to answer my questions, my ex roommate Gijsje as well as other people 
Karen, Yannick, Katarina, Mohammed, Remco, Gerard, Krassimir, Tjerk.  
         I am very grateful to my wonderful students, Dick Hoogenboom, Gijs van 
Hooijdonk and Stefan Oosterhout with who I had the great pleasure to work and share 
knowledge. Their scientific results became an important part of this thesis.  
         I greatly appreciate the collaboration with my colleagues from Maastricht 
(Department of Pathology) Peter Frederik and Paul Bomans for helping me to make beautiful 
pictures using CTEM. Without saving the time we spent hours and hours before we managed 
to see the nano-particles of silver iodide. These pictures become an important clue in my 
thesis. Thank you for everything.   
        I would also like to acknowledge the collaboration with Daniel Vanmaekelbergh 
and Andries Meijerink for kindly sharing their knowledge of the optics of quantum dots. 
Daniel Vanmaekelbergh is also thanked for useful discussions.  
        I deeply appreciate the unselfish help and support of my parents for all this 
years. Theirs love gives me the strength to stay on the right way. With all my love, thank you 
for everything that you have done for me.  
        I dedicate this thesis to my beloved husband and son. Their true love and 
happiness are giving me strength and motivation. With all my love, this is for you. 
 
 
 99
 Publications 
 
 
This thesis is based on the following articles: 
 
 
Chapter II           Observation of Equilibrium, Nanometer-Sized Clusters of Silver 
Iodide in Aqueous Solutions 
Ivana Lj. Mladenovic; Willem K. Kegel; Paul Bomans and Peter M. 
Frederik, J. Phys. Chem. B 2003, 107, 5717-5722. 
 
Chapter III          Influence of Adsorbing Species on Properties of Equilibrium Silver      
                              Iodide Clusters 
                             Ivana Lj. Validzic and Willem K. Kegel, J. Coll. Int. Sci. to appear 2004. 
 
Chapter IV         Thermodynamic Stability of Clusters of Molybdenum Oxide  
Ivana Lj. Validzic; Gijs van Hooijdonk; Stefan Oosterhout and Willem K.                         
Kegel, Langmuir, 2004, 20, 3435-3440. 
 
Chapter V           Self-Assembly of Molecular Necklaces and Rod Like Viruses 
Willem K. Kegel; Ivana Lj. Validzic and Paul van der Schoot, to be        
submitted.  
 
 
 
 
Articles and events to which the author also contributed (papers, talks, posters): 
 
 
Lanthanide doped alkaline metal sulphates as candidates for EPR dosimetry 
Petković, J.; Mladenović, I.; Vukelić, N.; Mojović, M. and Bačić, G. J. Serb. Chem. Soc. 
2000, 65, 743-754. 
 
 
Poster: 
Ivana Lj. Mladenovic, Willem K. Kegel and Jan Groenewold, Experimental Observation of  
Thermodynamically Stable Nano- Particles of Silver Iodide in Aqueous Solution, XVIth 
Conference of the European Colloid and Interface Society, September 22-27, 2002, Paris, 
France, P3-13. 
 
 
Talk: 
Ivana Lj. Mladenovic, Willem K. Kegel and Peter M. Frederik, Observation of Equilibrium, 
Nanometer Sized Clusters of Silver Iodide in Aqueous Solutions, ACS 77th Colloid and 
Surface Science Symposium, June 15-18, 2003, Georgia Institute of Technology, USA. 
 
 
 101
Publications 
 
Talk: 
Ivana Lj. Mladenovic, Willem K. Kegel and Peter M. Frederik, Observation of Equilibrium, 
Nanometer Sized Clusters of Silver Iodide in Aqueous Solutions, XVIIth Conference of the 
European Colloid and Interface Society, September 19-24, 2003, Florence, Italy.  
 
 
Talk: 
Petković, J.; Mladenović, I.; Nikolić, A. S.; Babić-Stojić, B.; Bačić, G. EPR dosymetry of 
ionizing radiation: The usefulness of lanthanide doped alkaline metal sulphates, Proceedings 
of XX Symposium Radiation Protection Association of Yugoslavia, Tara, Yugoslavia, 3-5 
November 1999, p. 227-230. 
 
 
Talk: 
Petković, J. S.; Mladenović, I. Lj.; Vukčević, M. V.; Bačić, G. G. EPR spectroscopy of 
dosimeters for ionizing radiation: a comparison between alanine and K3Na(SO4)2/Y2(SO4)3 
dosimeters, 12th Yugoslav Conference on General and Applied Spectroscopy, Belgrade, 
Yugoslavia, 25-27 October 1999, book of abstracts p. 112. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 102
  103
Curriculum Vitae 
 
 
 
Ivana Ljubi[a Valiyi' (born Mladenovi') was born in Nis, town in the south of Serbia 
(Yugoslavia) on 31th of May 1974. She started her primary school in Sarajevo and in 1984 
she moved to the city of Belgrade where she completed her primary school. Until 1993 she 
studied Mathematical Secondary School (III Belgrade Gymnasium) in Belgrade. The same 
year she started her study in physical chemistry at the Faculty of Physical Chemistry of the 
University of Belgrade. In 1999 she completed her study and she started working as assistant 
on the same faculty (Cathedra for Physical Chemistry of Fluids and Radio and Nuclear 
Chemistry). In March 2000 she started her Ph.D. in The Netherlands under the supervision 
of Dr. Willem K. Kegel and Prof. Dr. Albert Philips at the Van Hoff Laboratory, University 
of Utrecht. A part of the project is a close collaboration with Department of Pathology 
(Electro-microscope unit), University of Maastricht.   
 
